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The role of HDL and its major protein constituent, 
apolipoprotein (apo) A-J. ? in promoting the removal of 
excess cholesterol from cultured cells has been well es- 
tablished; however, the mechanisms by which this oc- 
curs are not completely understood. To address the ef- 
fects of apoA-I modification on cellular unesterified 
(free) cholesterol (FC) efflux, three recombinant human 
apoA-I deletion mutants and plasma apoA-I were com- 
bined with l-palmHoyi-2-oleoyl phosphatidyl^hpline 
(P'OPC).and FC to make reconstituted high'derTsit>vli- 
pop.ro tein (rKDL) discoidal complexes. These particles 
were characterized 'structurally and for their efficiency 
as acceptors of mouse L-ceH fibroblast cholesterol. The 
deletion mutant proteins lacked NH^,- terminal (apoA-I 
(A44-12-6)), central (apoA-.T (A139-170)), or COOH-termi- 
na! (apoA-I (A190-243)) domains of apo A-I. The three 
deletion mutants all displayed lipid-binding abilities 
and formed discoidal complexes that were similar in 
major diameter (13.2 ± 1.5 nm) to those formed by hu- 
man apoA-1 when reconstituted at a 100:5:1 (POPC:FC: 
protein! mole ratio. Gel filtration profiles indicated un- 
reacted protein in the preparation made with apo A-I 
(£190-243). which is consistent with the COOH terminus 
portion of apo A-I being an important determinant of 
lipid binding. Measurements of the percent a-helix con- 
tent of the proteins, as well as the number of protein 
molecules per rHDL particle, gnve an indication of the 
arrangement of the deletion mutant proteins in the dis- 
coidal complexes. The rHDL particles containing the 
deletion mutants had more molecules of protein present 
than particles containing intact apo A-I, to the extent 
that a similar number of helical segments was incorpo- 
rated into each of the discoidal species. Comparison of 
the experimentally determined number of helical seg- 
ments with an estimate of the available space indicated 
that the deletion mutant proteins are probably more 
loosely arranged than apoA-I around the edge of the 
rHDL. The abilities of the complexes to remove radiola- 
bel e d FC were compared in e x p eri m en t s u s i n g cu 1 1 u r e d 
mouse L-cell fibroblasts. All four discoidal complexes 
displayed similar abilities to remove FC from the plasma 
membrane of L-cells when compared at an acceptor con- 



centration of 50 pg of phospholipid/tnl. Thus, none of the 
deletions imposed in this study notably altered the abil- 
ity of the rHDL particles to participate in cellular FC 
efflux. These results suggest that efficient apoA-I-medi- 
ated FC efflux requires the presence of amphipathic 
tt-hel icai segments but is not dependent on specific hel- 
ical segments. 



High density lipoproteins (HDL) 1 are a heterogeneous class 
of particles thought to mediate the flux of unesterified (free) 
cholesterol (FC) from peripheral cells to the liver in the process 
of reverse cholesterol transport (1). However, the mechanism 
directing the incorporation of cell cholesterol into the HDL and 
the role of HDL's major protein component, apolipoprotein 
( a p o) A - J . . are s u h j e et s of c o n t n > v e r sy . E j ) i d e mi o 1 o gi c ; 1 1 s t u d i e s 

(2) as well as experiments involving transgenic animal models 

(3) have suggested that apoA-I is the major determinant of the 
ability of HDL species to participate in cholesterol efflux, thus 
much effort has been expended to elucidate the functional 
domains of this protein. 

It has been demonstrated that the presence of amphipathic 
helical segments in acceptor particles is necessary for efficient 
effl ll\ of ch o 1 es t e r ol fr o m ce 1 1 s (4). The a rr a n g em en t or c o n f o r- 
mation of these segments may be a factor in the ability of 
acceptor particles to sequester cellular cholesterol. Several 
groups have utilized epi tope-specific apo A.- 1 monoclonal anti- 
bodies to define segment(s) of apo A-I that may be crucial for FC 
efflux (5-8). Banka et al. (5) utilised eight such antibodies and 
found a region spanning amino acid residues 74—110 to be 
important for efficient cholesterol efflux. A similar approach 
was taken by Luchoomun et al ((>) whose experiments indi- 
cated that the domain around amino acid 165 of apoA-1 is 
involved in the efflux of cellular cholesterol. Experiments in 
which genetic apoA-1 variants were combined with dimyris- 
toylphosphatidyl choline have further suggested that substitu- 
tion of a proline residue at amino acid 165 interferes with a 
conformation that; is essential for cholesterol efflux (7). in con- 
trast, a study by Fielding et al. (S) has demonstrated that the 
amino acid region 137-144 of apoA-I is adjacent to or part of a 
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1 The abbreviations used arc; rHDL, reconstituted HDL; apo. apoli- 
poprotein: apoA-I (A139-170), apoA-I deletion mutant lacking residues 
Ghr'^-Leu 1 ' 0 : apoA-3 (i 190-2-13), apoA-I deletion mutant lacking res- 
idues Ala'^'-Gln-' 1 *; apo A-I (A4'i-326> i apoA-1 deletion mutant lacking 
residues Leu^-Leu 1 ™; apoA-l/FC/POPC, apoA-I/FC/POPC discoidal 
complex; CD r circular dichroism; EM. electron microscopy; FC, free 
(unesterified) cholesterol; HDL, high density lipoprotein; LGAT. leci- 
thin-cholesterol acyt transferase; PAGE, polyaciVtamide gradient gel 
electrophoresis; PL, phospholipid; POPC. i-pamntoyl-2-olcoyl phos- 
phatidylcholine. 



23792 



ApoA-I Modification and Efflux of Cellular Cholesterol 



23793 



■J 



■ o 



mi 



structural .site in the HDL subspecies, pre-/3 r HDL, which is 
effective in promoting the efflux of cellular cholesterol. Another 
study has attempted to distinguish whether monoclonal anti- 
bodies specific to apoA-l are able to inhibit cellular cholesterol 
efflux from intracellular or plasma membrane pools of choles- 
terol (9). Two Fab fragments spanning the amino acid region 
140-150 were found to inhibit the efflux of intracellular cho- 
lesterol but not the cholesterol flux from the plasma mem- 
brane. It is apparent that, there is marked disagreement about 
which ; if any. domains of apoA-I are critical for cell cholesterol 
efflux. 

Recently, Holvoet et al. (10) have expressed and purified 
recombinant mature human apoA-I and various deletion mu- 
tants for investigating structure-function relationships with 
regard to activation of lecithin -cholesterol acyitransferase 
(LCAT). The three deletion mutants: apoA-3 (ALeu^-Leu 1 - 0 ), 
apoA-3 (AG!u 139 -Leu m ) 5 and apoA-I (AAla ,ao -G]n Ma ) lack do- 
mains thought to be crucial for either phospholipid (PL) bind- 
ing or LCAT activation. In an attempt to define the domain of 
apoA-i that is crucial for cholesterol efflux from cells, the pres- 
ent study uses acceptor particles containing these engineered 
apoA-I molecules reconstituted with l-palmitoyl-2-olcoyl phos- 
phatidylcholine (POPC) into homogeneous and highly defined 
discoidal complexes. The variant proteins were successfully 
combined with POPC and unesterified cholesterol to form re- 
cons ti tu ted M D L (r HDL) pa rti cl cs of s i m i 1 ar si ze . w h i ch were 
subsequently characterized with respect to their structure. 
Cholesterol ofllux studios indicate that- when rHDL particles 
are utilized as acceptors of PC. there are no significant differ- 
ences in the rates or efflux to the discoidal HDL containing 
either intact apoA-f or the deletion mutant proteins. These 
data indicate that the deletion of large segments from either 
the NH 2 - terminal, central or COOH-terminal regions of the 
apoA-I molecule does not significantly impair the functionality 
of the rHDL complexes as acceptors of cellular cholesterol. 

EXPERl M E N T A h PR OCEDUUI5S 
M ateriah 

I -Pahmtoyl-2-oleoylphosph3iidylcholine (POPC) was purchased 
from Avnnti Polar Lipids (Birmingham. AL) ( + 99% grade.). Bovine 
serum albumin, sodium chnlate. gentamycin, and cholesteryl in ethyl 
ether were: obtained from Sigma (St. Louis, MO). [L 2- :i Hj Cholesterol 
was purchased from DuPont NEN (Boston : MA). Fetal bovine scrum 
and minimal essential medium were obtained from Life Technologies, 
Inc. (Grand Island, N T V). 

Methods 

Purification of Apvlipoprotein yW—Haman HjDL isolated from i.he 
fresh plasma of nonnolipidemic subjects was dcUpirinterl in etbaiiol/ 
diethyl ether as described by Scami and .Edelstein (11) and purified 
apoA-I was isolated by anion exchange chromatography on Q-Sepho- 
rnse and stored in lyophilizcd form at -70 °C (12). Prior to use the 
purified A-I was resolu billed in 6 m guanidine HC1 and dialyzed ex- 
tensively against Tris buffer t . .1 0 mM Tris, 150 mw NaCl. 1.0 ium EDTA; 
pH S.2). 

Recombinant Human Apolipoproltin A -J and Deletion Mutants— 
Preparation of the recombinant proteins was carried out by Holvoet el 
al as formerly described in detail (10). Wild-type apoA-l and the apoA-I 
mutants were expressed in the periplasmic space of Escherichia coii 
cells and purified to homogeneity to yield the three, deletion mutants 
utilized in this study; apoA-J BLeu' H -Leu r ' :r '}. apoA-I <AGlu l3!, -Leu 37v ). 
and apoA-I (AAV'^-Gln" 43 ). 

Preparation of Rtuumstitufad HDL (rHDL)- -Particles were prepared 
using ihe etiolate dispersion/Bio-Bead removal technique as described 
in detail previously (.13). A starting POPC'cholestcroI/protcin ratio of 
100:5:1 (mol: in oi:i no!) was used and final compositions were determined 
after concentration (Centriprep 30 : Aniicon) under km; speed cenirifu- 
gation. The homogeneity and size of the complexes were assessed by 
gradient gel electrophoresis using precast 5-25% poly aery] amide gels 
(Pharmacia Biotech Inc.). Due to indications that; the complex prepara- 
tions contained varying amounts of free protein, the samples were 



purified by high performance gel filtration (Superdex 200 HH 3 0730. 
Pharmacia Biotech Inc.). The column was calibrated with standard 
proteins (13) and the hydrodynamic diameters of the particles were 
calculated from the el u linn volumes. 

Characterization of rHDL — The particles, were analyzed chemically 
using the Markwell modification of the Lowry protein assay (1*1). while 
phospholipids were determined as inorganic phosphorus by the method 
of Sokoioff and Roihblat (15). Unesterified cholesterol was determined 
after Bligh and Dyer extraction (16) by gas-liquid chromatography 
analysis (17); cholesteryl methyl ether was utilized as an internal 
standard in this assay. The number of apoA-I molecules per particle 
was determined by reaction with dimethyl suberimidaie and determin- 
ing the degree of cross- linking of the apoA-l by SDS-PAGE (18). In 
addition to hydrodynamic diameter determination by gel filtration chro- 
matography, negative stain electron microscopy (EM) was utilized as 
described by Forte and Nordhausen (19) to determine the' size of the 
reconstituted particles. Mean particle dimensions of 300 complexes 
were determined from each negative at x 189,000 magnification. The 
average a-helix content of apoA-I when coraplcxed !.o PL was deter- 
mined by circular dichroism (CD) spectroscopy using a Jasco 341 A 
spectropolari meter. Spectra were measured at 25 "C in a 0.1 -cm path 
length quartz cuvette as described previously (20); (.lie percent M -helix 
was determined from the molar el lipti cities at 222 nm. 

Efflux of Plasma Membrane Cholesterol — Mouse L-cel! fibroblast 
monolayers were used to monitor the release of i a HI cholesterol to the 
extracellular medium as a measure of unesterified (free) cholesterol 
(PC) efflux, as has been described in detail (4). The cells, present in 
12-well cell plates (22 mm), were grown to confluence in minimal 
essential medium/bicarbonate supplemented with .10% fetal bovine, se- 
i*u m in a 3*7 "0 humidified incubator in the p re se m ce o f 9 5 % a i rand 5 % 
CO.... The monolayers were labeled with 2 /.iOi/ml l.l.,2- 3 W]cho!esterol in 
bicarbonate-buffered minimal essential medium with 2.50! fetal calf 
serum for 2-1 h. This was followed by a 1.2-h incubation in. minimal 
essential medium/bicarbonate containing }% bovine scrum album in io 
equilibrate the radioactivity between the various cellular sterol pools. 
After a brief wash with minimal essent ial medium/bi carbonate contain- 
ing HEP.ES (50 mM), cholesterol efflux measurements were initialed by 
the application of 1.0 ml/well of the test medium, con Urn-tiny 0.5% 
bovine serum albumin and the acceptor at the indicated PL concentra- 
tion. The experiment was conducted in a. 37 °C incubator with an 
atmosphere of 95% air and G9« CO.,. The radioactivity of a 75-/.d aliquot 
of the medium was determined .it specific time intervals to estimate the 
fraction of FG released into the medium. Upon completion of the time 
course, all cell wells were washed with Dulbecco's phosphate-buffered 
salt solution three times and the cellular lipids were extracted with 
i sop ro p a n ol [2 X ) . From the ex t r ac ti on. the l o !,a 1 a m on n t o f r : i d ; u.h i : j ,i ve 
cholesterol per well was determined by liquid scintilla i ion counting. 

Da La A n a lys;.:< — f Fh e f r a c H on a 1 rel e ase o f F C w as d e t or mi n e d ex pa r - 
imentally and analyzed as described in detail for this system previously 
(4). The kinetic analysis is based on the assumption that the system is 
closed and that all FC therefore exists in either the cellular FC pooi or 
in the acceptor FC pool. The equilibration of FC between these wo pools 
was fitted to the. single exponential equation }'* - Ac.~' 1 ' r C, where Y 
re p res c n is th e fr act i on o f r a d i o 1 abe 1 e d FC re m ai ni ng j n f n e ce 1 1 s . / i s i h e 
incubation time, A is a pre-exponential term that reflects the fraction of 
FC that exists in the medium at equilibrium, B is a time constant 
representing (he release of FC. and C is a constant that represents the 
fraction of labeled FC that remains associated with the cells at equilib- 
rium. A> £, and C were derived by fitting the experimental data to the 
above equation by nonlinear regression (Graph Pad Prism, Graph Pad 
Software Inc.). The above equation fit the data more accurately than a 
double exponential equation. The apparent rate con statu, for efflux (&,,). 
which is dependent on the acceptor particle concentration tested, is the 
p rod u ct o f A and B. The a pp a rent l. v , of e ffl u x v al u e i n h o i n*s w as the o 
calculated as follows: f M *= In 2/k, y The i Vt values were statistics J ly 
compared by Student's t test (Graph Pod Prism, Graph Pnd Software 
Inc.). 

RESLl-TS 

Structural Characterization of rHDL Particles — Previously, 
plasma apoA-.I has been shown to form discoidal complexes 
(rHDL) upon combination with POPC ± cholesterol (22-24.), 
and the compositional characteristics of these discs have been 
well defined. Holvoet et al (10) recently showed that recombi- 
nant apoA-I and specific deletion mutants of apoA-l were able 
to combine in a similar manner with dipalmitoylphosphatidyl- 
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choline to form disco* dal complexes. We confirmed that recom- 
binant. apoA-I forms reconstituted complexes with POPC and 
cholesterol and that these complexes are structurally identical 
to tit os e prepared from plasma apoA-L In preliminary cell FC 
efflux studies utilizing rHDL containing either plasma apoA-T 
or recombinant, wild-type, apoA-4. all measurements of efflux 
to the two type* of rHDL particles were indistinguishable, 
indicating that the origin of the apoA-I did not affect the ability 
of the particles to function as acceptors of cellular cholesterol. 
Therefore, plasma apoA-I was used as the control protein in the 
st u d i e s of re c o mbi n a nt v a r i a n ts . 

To study the effects of apoA-I modification on the structure 
and function of rHDL particles, discoid al complexes were pre- 
pared with plasma apoA-L apoA-I (A44-126), apoA-I ( A 1 3 9 — 



Veaicie rHiX f-ree Protein 



100 ! POPC^C^Apy A-i 



HDPC/FC-'Apc A-i \± \ «S-1?0j , 



Volume <rnl} 

Em, 1 Ekition profiles of POPC-FC-apoA-I reconstituted par- 
ticles subjected io gel nitration chromatography. A 1 ■< 30 -cm 

.Sufjfjrdo; 11R 200 iPhannach! Bio lech Inc.} gel filtration column was 
u s ed to a s t a i y ? e -sohitin t:i s o i ' r e ; 1 u n s t iiu to d p a r ti c S e s th a t w e r e- c o in h in e d 
at a 100:5:1 Pf/imosUoonod cholesterol '.protein molar ratin. Fract ions of 
0.25 ml \vi?re collected and the protein was detected by nhsorbanee at 
280 ran. The void volume of the column was 8.1 mi, and the total volume 
was 20.1 ml 



1701 or apoA-I fA.190-243) at an initial molar ratio of i(K);5:l 
( POPC :FC: protein). The particles were sized by PAGE, which 
indicated the presence of free protein in addition to the com- 
plexes, particularly with rHDL constructed with apoA-I (A44- 
126) and apoAT iA190-243) (approximately 20 and 50% lipid- 
free protein, respectively). The complexes were isolated from 
unreacted protein and lipid using gel filtration chromatogra- 
phy on a calibrated column, from winch particle hydrodynamic 
diameters were determined. The gel filtration profiles (Fig. 1 • 
indicated that; there was no free protein in the preparations 
containing plasma apoAd, apoA-I (A44~!26h and a no A- J 
i -170), whereas 26% of apoA-I .A i 90-2-13 ' was found to 
be onass aerated with lipid in its preparation, Tliese results 
suggest that the extent of free protein detected by PAGE mav 
have been an artifact of the electrophoresis due to stripping of 
the protein from the complexes as they migrated through the 
gel. Reduced lipid association of apoA-I (A 190-243) was an 
expected result as this apoA-I mutant is missing the earhoxyl 
terminus of apoA-1, which plays a major role in stabilizing the 
iipid-houiHl state of apoA-I < 10, 25-27). The fractions corre- 
sponding to the rHDL. species were isolated and characterized; 
the compositions and dimensions of the particles are listed in 
'fable I. Electron microscopy was utilized to confirm that, the 
particles were discoid al in shape, which is apparent from the 
stacks of discoid al complexes displayed, for each preparation in 
fig. 2. The composition and size determinations of the plasma 
apoA-I-FC-POPC complex are in good agreement with previ- 
ously published results for a disconbn mm pi ex of composition 
83:3:1 fmolar ratio. POPC:FC:apoA-P '"24 f This complex has 
been measured by PAGE and EM' to have a diameter of 10.3 
and 1 L5 urn, respectively, which is the same as the present 
measurements of 3 0.0 and S 1 .2 nm (Table ft The EM meas- 
urements denote an average major diameter of 1.3.2 ± 1.5 mn 
(or the four rHDL species described in Table I; the measure- 
ments arc; not significantly different by impaired / lest analy- 
sis. Tiie PAGE and gel nitration column measurements of the 
hydrodynanue diameters indicated that apoA-I i A -14 -126 :< 
formed a slightly larger complex than r.H.DL prepared with 
plasma apoA-4, while apoA-T A]:;!) - 170' and apoA-1 A ! 5)0 . 
243 \ both resulted in slightly smaller complexes. Again, the 
smaller hydrodynamic diameters of the latter two complexes 
may be attributed to some protein removal during migration 
through the gel matrix. Protein cross-unking was used to esti- 
mate the number of protein molecules per complex tFig. 3 f The 
rHDL comprised of intact apoA-1 contained a mixture of parti- 
cles containing 2 s7Q < sD and 3 •: 304 < molecules of apoAd per 
complex. The scans of the gels in Fig. 3 for the complexes 
con taini ng the mutant proteins in dicate that the cr oss ein kin <i 
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Table I 

Character} xitcs of discoidal rHDL par Licks 



•loir ?v- :a!ni: y r 
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Dtiiwictttr of pMnidc- 



!:i.mO'Hi ; 



Plasma ApoA J 
ApoA-J [A44-426' 
ApoA-I a 13m 170- 
Ago A 4 (A190 .243) 



100:54 
100:54 
1004,. [ 
100:54 



S4 ± 21:5:1 
42 20:24 
44 12:2:1 
42:1:1 
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' ; Determined from analysis on three separate reeonsT.itut.ion experiments or 1 S.D.f m t for apoAI ('A190-243 
;0U:r puri.fi rat. ion by gtd filtration chroma tography on ;.i Superdex 2Q(\ rolamm 

Determined from n end en uteri njr po)yacryiamide gradient get electrophoresis using reference globular proteins. 

'" Average hydrod^amic diameter as measured on a Superdex; 200 (Pharmacia) eel fjjtration comma calibrated with rf\Vrc.v\n- ^lohular 
• 1 i S.D.J. ' J " 

r! Average major douueter of 100 particles determined from negative staining microscopy C*::] S.I ». ■■. Variances are not si^nificantlv dif 
determined by unpaired t test. ' ' " 

" Detennined from S.DS-polya{:r\iamide gel electrophoresis of delipidafed apoAI or deletion varumt after cross-linking with dimethvl 
date. 

; Determined from molar elHpticitics or 222 nm ( ± 1 S.D.i. 
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F»a :i. Negative stain electron micrographs of rHDL. IStaciron 
micrographs of the reconstituted POPC-FC-apoA.-I discokial particles 
n r*i shown. Tine protein component of the complexes is as follows: A, 
apoA-I; B, apoA-I (A44--12&); C\ apoA-1 (.A 139-1 70): and D. apoA-i 
{<\190_iM3). MiignifiMtion is x 139,000 in A, 0, and D and 1 .50.000 x 
in B: bars represent 100 run. Major diameters of 100 discoid al particles 
were deter:; lined and are listen in Table J. 

was incomplete. In these; cases, the dominant cross-linked oli- 
gomer was assumed to represent the number of protein mole- 
u 1 e s o n 1 1 i e discoid a I p a r t i cl e ( Tab i e I) . The p r e d om i rui n t s p e - 
c i es w ere four rn oi ecu 1 es of apo A -1 (A44-126), throe m oi eet i t es 
of apoA-I (A 139 -170), and three molecules of apoA-i 
(A190-243). 

Circular dichroism was used to determine the. effect of the 
various deletions in the apoA-i molecule on the average n-helix 
conient of the proteins in the rHDL particles. Table 1 demon- 
strates that the o. -helix content of the intact protein was 
greater than that of any of the apoA-I deletion mutants. The 
number of amphipathic helices per protein molecule can be 
predicted from the number of helical residues in the protein by 
assuming that there are approximately 22 amino acid residues 
per helical segment (28). On this basis, there are nine, helices in 
the plasma apoA-1 molecules in the rHDL particles; this num- 
ber is in good agreement with prior work which suggest that 
with 75% a-heJix there should be eight helical segments per 
protein molecule (22, 28). The equivalent numbers of helices for 
apoA-I (A44-126), apoA-1 (A139-I.70), and apoA-I (Al 90-243) 
are 4, 7, and 5. respectively. 

Efflux of Cellular Cholesterol to Discoidal rHDL Parti- 
cles — To compare plasma apoA-I/FC/POPC and mutant apoA.- 
1/FG/POPC discoidal completes as acceptors of cell cholesterol. 
the rHDL were incubated with radiolabeled mouse L-celi fibro- 
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$4,005 67 .COD -1 3.000 20.O3O 20. iC? 

Fu:i. 3. Profiles of SDS-.P.AG.E gels used to determine the de- 
cree of apoA-I cross- linking by dimethyl .subcrimidaU:. SDS- 
PAGE on &-?J)% gels was performed using cross-linked rHDL. Too 
apoA-I oligomers were visualized by Cnomassie Blue staining, and a 
scan of the protein distribution v.* as obtained in digital form using a 
flatbed scanner (Hewlett-Packard ScanJet UP) and computer image 
analysis (Jandel Scientific. San Rafael.. CA). The resulting profiles 
i n d i ca te th e d cr rce of o 1 i go i ne r fo r m a ti r n by e i th c r a p o A - 1 or th c v a r i - 
ants of apo A-l; the number of protein molecule?, per oligomer i s indi- 
cated by the number of asterisks above each peal:. Molecular weight 
standards a re i n d i ca i e 6 in the bottom, pa n v I . 

\ ) i a s ts a t a c: on ce n tr a ti on of 0 0 u g o f P L/n i 1 fo r p e r i o d s of u p to 
6 h. Measurement of the fraction of radiolabeled FC present in 
the colls during the time course of incubation with rHDL par- 
ticles showed that they exhibited similar abilities to remove 
cellular cholesterol (Fig. 4). Time courses of cholesterol efflux in 
the systems containing native apoA-I-FC-FOFC and apoA-J 
(M90-243VFC-POPC discoidal complexes are the same. Thus, 
the deletion oft.be carboxyl terminus did not impair the ability 
of the particle to participate in cholesterol efflux. Efflux to 
apoA-I <A44-126)-FC-POPC and apoA-I (A139-170VFC-POPC 
rHDL was identical to efflux to particles containing intact 
apo A -J for the first 2 h of the experiment, after which point- they 
showed some deviation from the control time course. After 6 h 
of incubation, apoA-I (A139-170>FC-POPC rHDL removed 
slightly less FC and apoA-I (A44-126>FC-POPC slightly more 
than the apoA-I-FC-POPC particles. All the time courses were 
fitted to a single exponential decay equation as described unrier 
"Methods" to obtain tu 2 values of efflux for each complex (Table 
II). An average tu 2 of 16.2 ± 3.8 h was measured, with maxi- 
m una d ev i a ti on s of on ly 14% from t h i s v a 1 u e . Com pa ri so n of th e 
ti/. of efflux by unpaired t test analysis indicates that none of 
the time courses involving incubation with apoA-J 
in 1 1 tan t-FO POPC com p i ex es w e rc sta t i s ti cm 1 ly d if fe re n t. Th ese 
data indicate that the apoA-i deletions introduced here do not. 
impair the functionality of the rHDL complexes as acceptors of 
cellular cholesterol. 

DISCUSSION 

Formation of rHDL Parlivlvs — The experiments summarized 
in Table I and Figs. 1-3 indicate that the deletion mutants 
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FtG. 4. Time course of free cholesterol efflux from mouse L-celJ 
fibroblast to reconstituted HDL particles. Mouse L-cell fibroblasts 
grown to confluence in 22-mm tissue culture wells and trace-labeled 
wiiii ;i H-frc:e cholesterol were incubated for 6 h at 37 "C with 1 ml of test 
medium. Test media consisted of rHDL at 50 /jg PUral minimal essen- 
tia) medium. 0.5% bovine serum albumin. Symbols indicate the protein 
component of the particles: A. plasma apivA-I; ©. apoA-I (M4~12S)\ V, 
apoA-I (ij.39-170). and apoA-I (A 190-243). Each point represents 
the mean fraction of radiolabeled cholesterol detected in the media of 
three cell wells, and ihe error bars represent 1 S.D. The curves through 
the time points were obtained by fitting to n single exponential decay 
equation (see "Methods' 1 ). 

Table II 

t, ri values of efflux from L-cv.ll fibroblast manoluyers to 
discoidal rHDL 



Recombinant HDL protein sptidos" Hal fumes (if cflfhix 1 



Plasma ApoA-J 

A po A-} ( ALeu '' -Leu 1 -°) 


h 

ISA ± 0.5 


13.9 t 


ApoA-3 (AGIii ia0 -Lcu 1TO i 


17.2 T 2.5 e - fl ' 


ApoA-1 (AAJa^-Gln-^) 


15.7 - 1.4 f 



" Recombinant HDL were prepared with POPC and the indicated 
.protein sis described under "Methods." The disco idol particles were 
utilized in the cholesterol efflux experiment nt a concentration of n0 /<" 
of PUml. 



l ' Efflux are derived by fit ting the experimental timscourse of 6 h 
Lo a single exponential equation as described under ''Methods:' Values 
arc the average of triplicate measurements ± 1 S.D. 

'Tim c course s not s i gn i fi ca n tly d i ft e rc n t; fr o m & a ch o t h er as d ete r- 
mined by Student's I test. 

'"' Time course is not significantly different from that obtained with 
PQPC/apoA-l as determined by Student's * test. 

were able to bind to POPC and cholesterol to form rHDL 
discoidal complexes. From the .helix content and the amino acid 
residue content of the proteins, the number of o-helica] seg- 
ments per protein molecule can be determined through the 
assumption that each helix is 22 amino acids in length (28). 
The results indicate that the two molecules of protein present 
on the apoA-I-FC-POPC disc are organized such that 18 «-hel- 
ical segments are present (Table III). Despite major structural 
modification of the apoA-I molecule, the mutant proteins 
packed onto a disc in such a manner that an equivalent number 
of « -helical segments (IS ± 3 helices) were incorporated. As 
shown in Table 111, with native apoA-L 20 helices could theo- 
retically be accommodated around the disc perimeter. Since IS 
helices are actual!}' present at the disc edge, it follows that the 
helices in the two protein molecules are packed tightly around 
the peri m et er of th e c o m pi ex . In thi s a it a nge i n e n t . e I e ctr os t a ii c 
interactions between the antiparallel helices contribute to the 
stabilization of the protein in this close-packed conformation 
(29. 30). Although the apoA-I helices are tightly packed on the 
particles described in this study, a "hinge-domain" (28) extend- 
ing away from the particle surface is probably not present, 
since there is room to accommodate every helix at the disc edge. 



Since the deletion mutant proteins are smaller and have fewer 
or-helical segments, more protein molecules were able to be 
incorporated onto the disc edge. The limiting number of a-hel- 
ical segments for these rHDL panicles was calculated to be 25 
for discs containing the NH 3 - terminal and CO OH -terminal 
deletion mutants and 28 for the protein tacking the central 
domain of apoA-I (Table III). Again, there is sufficient space to 
accommodate every helix at the disc edge : because the numbers 
of helices measured experimentally were lower than these lim- 
iting values. However, the deletion mutant proteins are not as 
tightly packed on the disc edge as intact apoA-T, because only 
60-75% of the maximum possible number of helices were in- 
corporated at the disc edge compared with the equivalent value 
of 90% for the intact apoA-1 molecule. It seems that when 
helical segments are deleted in apoA-.I, the inter helix attraction 
is reduced, resulting in a looser packing in the discoidal parti- 
cles. In summary, all four types of apoA-1 molecule formed 
similar particles suggesting that no specific amino acid se- 
quence or heli.x-hel.ix interactions are required for this process. 
The particles are stable provided that sufficient nmphipathie 
a-heiices are present to cover the PL acyl chains at the disc 
edge. 

Cholesterol Efflux, to rHDL Particles—it is now generally 
accepted that efflux of plasma membrane cholesterol involves a 
passive desorption of FC molecules from the membrane fol- 
lowed by diffusion of these molecules through the aqueous 
phase surrounding the cells and incorporation of the FC into a 
PL-containing accentor particle (1, 31). Studies have suggested 
that when FC acceptor particles contain apolipoprnv.ein, there 
may be an interaction of the protein helices with specific lipid 
domains in the plasma membrane resulting in the modulation 
of cholesterol efflux (31-34). but the details of this association 
are not yet clear. 

This study investigated the possibility that a particular re- 
gion of a po lipoprotein A -J is essentia! for the efficient release of 
ch ol e s ter o 1 fr om tl i e p I a s m a m em br an e . C h ol e s t e r o ! eft 1 u x w a s 
m ea s u red to rHD L co n tai n i n g ei th er wi 1 d - type a po A -I or on e of 
the three apoA-1 deletion mutants in a system in which other 
factors that could affect the efflux capability of the particles 
were eliminated. For example, acceptor particle PL properties 
and particle size have been shown to be determinants in cho- 
lesterol efflux (35, 36). In this study, the PL species was con- 
stant, and the acceptor particles were incubated with the cell 
m on ol ayers at eq u aJ PL con con trations . In ad d i ti on , d i fferen ces 
due to varying sizes of the acceptor particles were not a factor 
here as the particles were constructed and isolated in a manner 
such that they were similar in size. Our study clearly demon- 
strates the need to isolate the rHDL panicles from any free 
lipid or protein, as the gel nitration profiles indicated hetero- 
geneous preparations. The utilization of homogeneous accep- 
tors ensured that our rest tits were not affected by the presence 
of these unreacted species. Having taken these factors into 
account, variations in the ability of the discs to remove choles- 
terol could be attributed directly to the differences in protein 
structure. 

The results indicate that the deletion of specific segments of 
apoA-I did not affect the ability of the protein to participate in 
cholesterol efflux when combined with lipid as a rHDL particle. 
The values of efflux are the same (±'14%). thus all four 
particles essentially displayed equivalent abilities to remove 
cellular FC. Furthermore, none of the deletion mutant discoi- 
dal species had slower values of efflux than particles con- 
taining the intact plasma apoA-L These data suggest that 
specific domains within the apoA-J molecule are not required 
for efficient efflux. These results are in contrast to studies 
performed by several groups in which apoA-I-specific mono- 
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Table III 

Accomodation ofupoAI a-heltces in rHDL particles 



Helical 
residues" 



u- H eii ces/prnunn 
molecule 1 * 



Ex pi. number 
o- helices' pariicli* r 



Maximum number 
cr-heHcf^rircuinfcrenciT* 



Plasma ApoA-I 
ApoA-F 0144-126} 
ApoA-I (£139-170) 
ApoA-I (A 3 90-243) 



194 
95 
144 
119 



18 
16 
21 
15 



20 
25 
28 
25 



• Determined from the percent a-hclix content (Table I) and the toial amino acid residues of the protein. 

Number of helices was calculated from the number of helical residues assuming thai each helix is 22 amino acids in lemth. 
'Calculated by multiplying the number in b by the number of protein molecules per disc (Table 1). 

d The circumference of rHDL panicles was calculated from the major diameter measured by EM. and corrected for the anolipopruu±m contribution 
uy subtracting t:he diameter of an a-helis (1.5 am). The number ofu-helices packed around this circumference was estimated bv dividing bv t he 
u-helix diameter. Kef. Ref. 22). ' ' 



clonal antibodies were used to determine the regions of func- 
tional importance. Each of these studies identified a discrete 
region of apoA-I that was critical for apoA-I-mediated choles- 
terol efflux. It has been suggested that the region surrounding 
amino acid residue 165 of apoA-I (6) or the specific amino acid 
content in this position (7) determines the efficiency of apoA-I 
in cholesterol efflux. However, this region was deleted in this 
stu d y i n m u ta n t a po A - J (Al 39-1 70) vvi th out an y effect o n th e 
participation of the protein in the efflux process. Other regions 
of apoA-I have been suggested to be essential: amino acids 
74-110 in studies involving rHDL species (5), and 137-144 in 
the HDL subspecies, pre-/3 HDL (S). These regions were ad- 
dressed in this study with mutants apoA-T (A44-126) and 
apoA-I (A. 139-170). respectively, both of which when combined 
with lipid did not vary from the ability of intact apoA-I to 
remove cellular FC. Although small regions of the protein (1- 
44. 127-138, and 3 71-189) were not deleted in the mutants 
studied here, it seems likely that no specific domains of apoA-1 
are required for efficient apo lipoprotein -mediated cholesterol 
efflux. The reasons for the variation in results between the 
present study and the monoclonal antibody . studies are not 
entirely dear at this time. However, it is possible that inhibit- 
ing antibodies may be positioned in some eases such that they 
cover a significant portion of the polar phosphatidylcholine 
head groups, or the "faces," of the discoidal complex. Since the 
deletion mutant proteins utilized here demonstrate looser helix 
packing at the disc edge than intact apoA-I. but the discs are 
equally good FC acceptors, cholesterol molecules probably do 
not incorporate at the disc. edge, but rather by way of the face 
of the complex. If a monoclonal antibody covers a portion of the 
face, it follows that cholesterol incorporation will be inhibited. 

The results of this study suggest that several structural 
features of the apo A -I molecule are not determinants of effi- 
cient cholesterol efflux. Thus, specific domains of the protein 
are not essential and, furthermore,, interactions between spe- 
cific helices seem not to be required. The number of protein 
molecules or helical segments per rHDL complex has no' effect 
on the function of the particle in a cholesterol efflux system. It 
seems that the essential factor provided by apo A- 1, is the am- 
pin* pathic helices required to stabilize the small rHDL parti- 
cles. This agrees with previous work with synthetic peptides 
(4), which suggested that am phi pathic helix interactions are 
essential for efflux, but that the number and amino acid se- 
quence of the heiiees does not affect the process. 

Implications for Reverse Cholesterol Transport — In addition 
to the phenomenon of peripheral cell FC transfer from the 
plasma membrane to HDL particles that has been described in 
this study, reverse cholesterol transport in. vivo involves the 
subsequent steps of cholesterol esterification by LCAT and 
cholesterol ester transfer between lipoprotein particles via cho- 
lesterol ester transfer protein (33, 37, 38). Studies have indi- 
cated thai discoidal HDL are better substrates for LCAT than 
spherical HDL particles (39). Although the abilities of the dis- 



coidal HDL particles containing 1 either wild-type apoA-I or 
apoA-I deletion mutants to accept cholesterol molecules diffus- 
ing from the plasma membrane are similar, experiments of 
Holvoet id c;7. (.10) indicate that discoidal panicles containing 
these deletion mutants have different reactivities with LCAT. 
Thus, the conformation of apoA-I probably affects the second 
step of the reverse cholesterol transport process. The esterifi- 
cation by LCAT is essential to maintain the gradient of choles- 
terol flux from the cellular membrane i'38 : 40). These results 
suggest that the structure of apoA-I is critical for proper acti- 
vation of LCAT but not for formation of HDL particles that car. 
accept FC molecules diffusing from the plasma membrane of a 
cell. 

The current results relate to cholesterol efflux from mouse 
L-cell fibroblasts where at least 60% of the plasma membrane 
cholesterol effluxes from a single kinetic pool under the exper- 
imental conditions utilized. 2 However, some coill types appear 
to have several pools of plasma membrane cholesterol which 
may be accessed preferentially by apoA-I present in a particu- 
lar conformation (32). Furthermore, it has been proposed that 
the conformation of apoA-1 in pre-/i HDL species is different to 
that in spherical HDL (33), and these small discoidal acceptors 
may access cholesterol in certain human fibroblast plasma 
membrane domains, such as caveolae. more efficiently (41). 
Further work is necessary to determine whether particular 
domains of the apoA-I molecule are important for efflux from 
th ese s peci fi c pi a sma m em b ra n e pool s of ch ol es t er ol . 
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Abstract 

Oxidized low density lipoprotein (ox-LDL) was incubated with discoida! complexes of apoiipoproiein A-I (apo A-I) 
and dimyrisloylphosphatidylcholine (DMPC) (DMPC/apo A-I) in a cell-free system and re-isolated on Sephacryl 
5-400 gel filtration chromatography. Analyses of re-isolated ox-LDL showed that apo A-I was transferred from 
DMPC/apo A-J to ox-LDL, which accounted for 10% of the total protein of ox-LDL. Re-isolaied ox-LDL also 
showed a 2.2-fold increase in phospholipid and a 14% decrease in cholesterol content on an apo B basis. The 
eicctrophoretic mobility of re-isolated ox-LDL was markedly reduced almost to that of native LDL. Moreover, the 
amounts of re-isolated ox-LDL to be degraded by mouse peritoneal macrophages as well as the capacity of re-isolated 
ox-LDL to accumulate cholesteryl esters (CE) in these cells were markedly reduced (60% and 80% reduction, 
respectively), suggesting that the ligand activity of ox-LDL for the scavenger receptor was significantly reduced upon 
treatment with DMPC/apo A-I. Parallel incubation of ox-LDL with free apo A-I led to a similar incorporation of apo 
A-I into ox-LDL. However, it had no effects on the ligand activity of ox-LDL. Thus, it is likely that the reduction 
in the ligand activity of ox-LDL by DMPC/apo A-I is explained by the change in the lipid moiety (mainly 
phospholipid) of ox-LDL. Since discoidal high density lipoprotein (HDL) is known to occur in vivo, this phenomenon 
might explain one of the anti-atherogenic functions of HDL. 

Keywords: Oxidized LDL; Macrophage scavenger receptor(s); Foam cell formation; Discoidal HDL; Phospholipid 
transfer 
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K Introduction 

It is generally accepted that macrophage- 
derived foam cells play an essential role in pro- 
gression of the early stage of atherosclerosis [1,2). 
Through the scavenger receptor pathway 
macrophages are known to take up chemically 
modified low density lipoproteins (modified 
LDLs), such as acetylated LDL (acetyl-LDL), 
malondialdehyde-modified LDL and oxidized 
LDL (ox-LDL) and become foam cells in vitro 
['2]. Among these modified LDLs, ox-LDL is em- 
phasized to be a likely candidate for an athero- 
genic lipoprotein in vivo because its presence in 
human atherosclerotic plaques has been demon- 
strated [3.4]. 

In contrast to LDL, high density lipoprotein 
(HDL) is regarded as an anti-atherogenic lipo- 
protein from epidemiological evidence that the 
incidence of cardiovascular disease is inversely 
correlated with plasma HDL levels [5]. HDL is 
thought to play a major roie in 'reverse choles- 
terol transport/ the transport of cholesterol from 
peripheral tissues back to the liver [5,6]. and its 
anti-atherogenic property is mainly explained by a 
capacity to enhance cholesterol efflux from pe- 
ripheral cells to HDL particles. Recent studies 
disclosed that Cu" 4 " -mediated oxidation of LDL 
in vitro is protected effectively by the presence of 
HDL [7-9]. Thus, in addition to enhancement of 
cholesterol efflux from cells [10-12], a possibility 
arose that HDL might protect macrophages from 
foam cell formation by inhibiting production of 
atherogenic lipoprotein in situ. In this connection, 
we recently made an interesting observation that 
acetyl-LDL-induced cholesteryl ester (CE) accu- 
mulation was inhibited almost completely by dis- 
coidal complexes of apolipoprotein A-I (apo A-I) 
and dimyristoylphosphatidylcholine (DMPC) 
(DMPC/apo A-I) [13]. Our subsequent study re- 
vealed that the interaction of DMPC/apo A-I 
with acetyl-LDL resulted in a significant transfer 
of phospholipid from DMPC/apo A-I to acetyl- 
LDL. As a result of the change which occurred to 
the lipid moiety of acetyl-LDL, the net negative 
charge of acetyl-LDL particles was significantly 
reduced, so that the ligand activity for the 
macrophage scavenger receptor was reduced [13]. 



These results obtained by acetyl-LDL suggest the 
possibility that atherogenic lipoproteins, even af- 
ter production in vivo, might become less athero- 
genic by the interaction with an in vivo 
counterpart of DMPC/apo A-I, if it is available in 
situ. 

In the present study, we tested whether DM PC/ 
apo A-I similarly affected the ligand activity of 
ox-LDL for the scavenger receptors. The results 
revealed that DMPC/apo A-I interacted with ox- 
LDL and reduced its ligand activity as well as its 
cholesterol content, whereas HDL did not have 
such effects. The reduction in the ligand activity 
might be explained by the changes in lipid moiety 
of ox-LDL, mainly by the transfer of DMPC 
from DMPC/apo A-I. Since the interstitial fluids 
are known to contain discoidal HDL particles 
composed mainly of apo A-I and phospholipids 
with negligible amounts of free cholesterol (FC) 
or CE [14] : and these particles share many 
physico-chemical properties in common with 
DMPC/apo A-I, it seems reasonable to hypothe- 
size that discoidal HDL particles would weaken 
the atherogenicity of ox-LDL in vivo. 

2. Materials and methods 

2.1. Materials 

Tissue culture media and reagents were ob- 
tained from Life Technologies, Inc. Horse radish 
peroxidase, cholesteryl ester hydrolase and p -hy- 
droxy! phenyl acetic acid were from Wako Chem- 
ical Co. Cholesterol oxidase from Nocardia was 
purchased from Boeringer. Silica gel on aluminum 
■sheets for thin layer chromatography (TLC) was 
obtained from Merck. [ 125 I]-Na (17 Ci/mg) and 
[9,10- ? H]oleate (4 Ci/mmol) were purchased from 
Amersham. 

2.2. Lipoproteins and their modifications 

LDL (d=- 1.019-1.063) and HDL (rf= 1.063- 
1.21) were isolated by sequential ultracentrifuga- 
tion from fresh human plasma and dialyzed 
against 0.15 M NaCl and 1 mM ethylenediamine 
tetraacetic acid (EDTA) (pH 7.4). Traces of apo B 
and E were removed from HDL preparation by a 
heparin-agarose column [15]. Acetyl-LDL [16] 
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and ox-LDL [11] were prepared as described. 
Ox-LDL was iodinated with [ 125 I] by the method 
of McFarlane [17], Protein concentrations were 
determined by- BCA protein assay reagent (Pierce) 
[10]. Apo A -I concentrations were determined by 
the single radial immunodiffusion method (Dai- 
ichi Pure Chemical Co., Ltd.). HDL was delipi- 
dated for purification of apo A-I as described [18]. 

2.3. Preparation of discoida! complexes of apo 
A-I and DMPC (DM PC /apo A-I) 

Complexes of apo A-I and DMPC were pre- 
pared by the method of Jonas [19], except that the 
solution buffer of apo A-I was replaced by 0.15 M 
NaCl and 1 mM EDTA (pH 7.4). For a standard 
preparation. 15 mg DMPC was sonicated in 1.0 
ml of 0.15 M NaCI and 1 mM EDTA (pH 7.4) to 
form small unilamellar vesicles. One ml of the 
same buffer containing 10 mg of apo A-I was 
added to this solution and the mixture was equili- 
brated for 6 h at 25°C with gentle mixing on a 
vortex mixer. The final concentrations of DMPC 
and apo A-I were 7.5 mg/ml and 5.0 mg/ml 
respectively, with the molar ratio of DMPC to 
apo A-I being 62:1. Upon Sephacryl 5-400 gel 
filtration chromatography DMPC/apo A-I thus 
prepared was eluted as a single peak when moni- 
tored with both absorbance at 280 nm and phos- 
pholipid determination (phospholipid test 
B/Wako). . Electron microscopic examination 
showed the presence of discoidal structures about 
30 A thick and 100 A in diameter (data not 
shown) [20]. 

2.4. Cells 

Peritoneal macrophages were collected from 
non-stimulated male DDY mice (25-30 g) with 8 
ml of ice-cold phosphate buffered saline (PBS) 
centrifuged at 200 x g for 5 min and suspended 
in Dulbecco ! s modified Eagle's medium (DMEM) 
containing 3% bovine serum albumin (BSA), 
streptomycin (0.1 mg/ml) and penicillin (100 
units/ml) (medium A) [11]. 

2.5. En doc y lie degradation and cell -association of 
[''"ihox-LDL 

Mouse macrophages (2 x 1.0 6 cells) in 1.0 ml 
of medium A. were seeded to each plastic culture 



dish (22 mm diameter, Coming) and incubated 
for 1 h at 37°C in 5% CO.. The monolayers thus 
formed were washed 3 times with 1.0 ml of 
medium A. Each well was incubated with [*- 5 I]- 
ox-LDL for 18 h at 37°C in the absence or 
presence of the unlabeled ligands to be tested. 
Endocytic degradation was determined by 
trichloroacetic acid (TCA)-soluble radioactivity in 
the medium as follows: To 0.75 ml of cultured 
medium, 0.25 ml of 40% TCA was added to a 
final concentration of 10%. After 30 min incuba- 
tion at 4°C, 0.2 ml of 0.7 M AgN0 3 was added to 
precipitate free iodine [21]. The mixture was cen- 
trifuged and the radioactivity of the supernatant 
was counted. Cells were solubilized with 1.0 ml of 
0.1 N NaOH and the cell-associated radioactivity 
was determined. 

2.6. Assay for cholesterol ester ificatkm 
Macrophage monolayers formed as above were 

incubated with "ox-LDL for 18 h in the presence 
of 0.1 mM [ 3 H]oleate conjugated with BSA [22]. 
Cellular lipids were extracted for determination of 
radioactivity of cholesteryl[ 3 H]o!eate as described 
previously [23]. 

2.7. Incubation of ox-LDL with DMPC/apo A-I 
and re-isolation of ox-LDL and DMPC/apo A-} 

To characterize the interaction of ox-LDL with 
DMPC/apo A-I in a cell-free system, ox-LDL (5 
mg protein/ml) was incubated at 37°C for 18 h 
with DMPC/apo AT (5 mg protein/ml) in 2 ml of 
0.15 M NaCl and 1 mM EDTA (pH 7.4). The 
incubation mixture was applied to a column of 
Sephacryl 5-400 (1.5 x 100 cm, Pharmacia) and 
eluted with 0.15 M NaCl and 1 mM EDTA (pH 
7.4) at a flow rate of 10 mi/h. A control incuba- 
tion was performed with the same protein concen- 
tration of HDL instead of DMPC/apo A-I. 
Electron microscopic examination revealed that 
ox-LDL re-isolated after exposure to DMPC/apo 
A-I was indistinguishable in size and shape from 
control ox-LDL. 

2. 8. Lipid analysis 

Lipid contents of lipoproteins were determined 
on a Hitachi 7450 automatic analyzer using stan- 
dard enzymatic methods [24-26]. The lipid perox-. 
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idation producLs in ox-LDL were determined by 
measuring conjugated dienes which were detected 
by absorbance at 234 nm after its lipid extraction 
[27]. 

2.9. Mass determination of cellular cholesterol 

Both cellular FC and CE mass were quantified 
by a modification of the enzymatic fluorometric 
method of Heider and Boyett [28]. Enzyme mix- 
tures were identical to theirs except that the Car- 
bowax-6000 was replaced by 0.01% Triton X-100 
and enzyme concentrations used were 2 times 
higher (cholesterol oxidase 0.16 U/ml; cholesteryi 
ester hydrolase, 0.16 U/ml) [29]. 

3. Results 

3,1. Physico-chemical changes of ox-LDL after 
exposure to DMPC/apo A-I 

Our previous report demonstrated that the in- 
teraction of acctyl-LDL with DMPC/apo A-I 
weakened the ligand activity of acetyl-LDL for 
the scavenger receptor [13]. To elucidate whether 
DMPC/apo A-I could also reduce the ligand ac- 
tivity of ox-LDL, we first examined physico- 
chemical changes of ox-LDL after IS h in- 
cubation with DMPC/apo A-I in a cell-free 
system. When the mixture was subjected to Sep- 
hacryl 5-400 gel filtration chromatography, ox- 
LDL in the first peak was separated from 
DMPC/apo A-l in the second peak (Fig. 1A). 
Immunological quantitation of apo AT showed 
that a significant amount of apo A-I was detected 
in re-isolated ox-LDL (around 10% of total 
protein), suggesting that apo A-I was transferred 
from DMPC/apo A-I to ox-LDL. In a control 
experiment, ox-LDL was incubated with HDL 
instead of DMPC/apo A-I and re-isolated on the 
same column (Fig. IB). However, the transfer of 
apo A-I from HDL to ox-LDL was not observed. 
To further examine the possibility that frag- 
mented peptides of apo B-100 might be trans- 
ferred in a reverse direction from ox-LDL to 
DMPC/apo A-I, [ ,2S I]-ox-LDL was incubated 
with DMPC/apo A-I and re-isolated by the same 
column, As shown in Fig. 1A (inset), the radioac- 
tivity was detected in ox-LDL fractions but not in 
DMPC/apo A-I fractions, indicating that the 



transfer of apo B-100 fragments to DMPC/apo 
A-I particles did not occur. 

Since apo B of LDL is known to undergo 
fragmentation during oxidative modification, ox- 
LDL did not show any visible bands on sodium 
dodecyl sulphate poiyacrylamide gel electrophore- 
sis (SDS-PAGE) under reducing conditions (Fig. 
2A : lane c). Ox-LDL re-isolated after exposure to 
DMPC/apo A-L however, was found to contain a 
discrete apo A-I band, suggesting that apo A-I 
was transferred from DMPC/apo A-I to ox-LDL 
(Fig. 2A, lane d). Exposure of ox-LDL to HDL 
did not induce any similar transfer of apo A-I 
(Fig. 2A, lane e). 

Oxidation of LDL is well known to induce an 
increase in its net negative charge, a charapteristic 
property of modified LDL which is important for 
recognition by the scavenger receptor [L2]. We 




Fraction Number 



Fig. 1. Separation of ox-LDL from DMPC/apo A-l on Sep- 
hacryl S-400 gel filtration chromatography after incubation in 
a cell -free system. (A) Ox-LDL (5 mg proiein/ml) was incu- 
bated with DMPC/apo A-l (5 mg protein/ml) at 37°C for 18 h 
in 2 ml of 0.15 M NaCi and I mM EDTA (pH 7.4). The 
mixture was applied to Sephacryl S-400 gel filtration chro- 
matography and eiuted with the same buffer. The concentra- 
tions of total protein (B) and apo A-I (O) were determined as 
described under 'Materials and methods.' (A inset) An experi- 
ment was performed under identical conditions except that 
on-LDL was replaced by [ i25 I]-ox-LDL; the radioactivity was 
monitored. (B) Ox-LDL (5 mg protein/mi) was incubated with 
HDL (5 protein/mi) at 37°C for IS h in 2 ml of 0.15 M 
NaCl and I mM EDTA (pH 7.4) and separated with the same 
column. The experimental conditions were identical to those of 
(A). 
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(A) (B) 




Fi». 2. SDS-PAGE (A) and agarose gel electrophoresis (B) of 
ox-LDL re-isoiaicd after cell -free incubation with DMPC/apo 
A-l. (A) Lipoproteins were electrophorescd (5 protein/lane) 
on an SDS-polyacrylamide gradient gel (4%-20%) using 1% 
2-mercaptoethano) as the reducing agent and stained with 
Coomassic Brilliant Blue. Molecular mass (arrowheads) is 
indicated in kDa. Lane a. DMPC/apo A-[; lane b LDL; lane 
e, ox-LDL; lane d, ox-LDL rc-isoiatcd after incubation with 
DMPC/apo A-l; lane c, ox-LDL re- isolated after incubation 
w;!h HDL. (B) Lipoproteins were elect rophorcsed (5 /;g 
protein/lanc) on an agarose gel and stained with Coomassie 
Brilliant Blue, lane a. HDL; lane b, LDL; lane c. o.x-LDL; lane 
d. ox-LDL re-isolated after incubation with DMPC/apo A-L 
lane e, ox-LDL rc- isolated after incubation with HDL. 

therefore determined the net charge of ox-LDL 
re-isolaied after exposure to DMPC/apo A-L As 
shown in Fig. 2B T oxidation of LDL resulted in a 
marked increase in its eiectrophoretic mobility 
(lane c). While ox-LDL re-isolated after exposure 
to HDL showed almost the same eiectrophoretic 
mobility as control ox-LDL (lane e)> ox-LDL 
re-isolated after exposure to DMPC/apo A -I 
showed a significant decrease in its eiectrophoretic 
mobility (lane d), suggesting that interaction with 
DMPC/apo A-I would decrease a net negative 
charge of ox-LDL. 

Lipid analyses of ox-LDL re-isolated after ex- 
posure to DMPC/apo A -J showed a 2.2-fold in- 
crease in phospholipid and a 14% decrease in 
cholesterol on an apo B basis (or a 2.0-fold in- 
crease in phospholipid and a 22% decrease in 
cholesterol on a total protein basis) (Table i). The 
corresponding decrease in phospholipid and the 
increase in cholesterol were observed in re-isolated 
DMPC/apo A-I (Table 1). A control incubation 
of ox-LDL with HDL, however, did not lead to a 
significant change in lipid contents of these parti- 
cles (Table 1). 



Upon oxidation of LDL with 5 #M CuS0 4s the 
level of conjugated dienes which were determined 
as lipid peroxidation products increased from the 
basal level to 135 nmol/mg protein. This level was 
decreased to 95 nmol/mg protein and 114 nmoi/ 
mg protein after interaction with DMPC/apo A-I 
and HDL : respectively. These results suggested, 
therefore, that lipid peroxidation products might 
also, in part, be transferred from ox-LDL to 
DMPC/apo A-I or HDL by lipid exchange reac- 
tion. 

3.2. Changes in the biological properties of 
ox-LDL after exposure to DMPC/apo A-l 

We next examined the CE accumulation capac- 
ity of ox-LDL which was re-isolated after incuba- 
tion with DMPC/apo A-I. As shown in Fig. 3A, 
ox-LDL without any treatment was able to induce 
dose-dependent CE accumulation in macro- 
phages. Ox-LDL re-isolated after exposure to 
HDL showed the same effect. In sharp contrast, 
CE accumulation by ox-LDL which was re-iso- 



Table 1 

Lipid contents of ox-LDL re-isolated after ceil-free incubation 
with DMPC/apo A-J or HDL 



Lipoproteins TC FC CE TG PL 

(Lipid /protein weight ratio) 



Ox-LDL 


1.46 


0.49 


0.9? 


0.33 


1.02 


Ox-LDL exposed to 


1.15 


0.30 


0.85 


0.18 


2.01 


DMPC/apo A-I 


(1.27 


0.33 


0.94 


0.20 


2.20) 


Ox-LDL exposed 


\A2 


0.42 


LOO 


0.29 


0.95 


to HDL 












DMPC/apo A-I 


0 


0 


0 


1.62 




DMPC/apo A-J exposed 


0.09 


0.06 


0.03 


0.02 


0.54 


to ox-LDL 












HDL 


0.38 


0.09 


0.29 


0.10 


0.55 


HDL exposed to 


0.39 


0.10 


0.29 


(Ml 


0.56 



ox-LDL 



Ox-LDL (5 mg protein/ml) was incubated at 37°C for IS h 
with DMPC/apo A-I (5 mg protein/ml) or HDL (5 mg 
protein/ml) in 2 mi of 0. 15 M NaCI and 1 mM EDTA (pM 
7.4). The mixtures were re-isoiatcd in a Scphacryl 5-400 ge! 
fill rat ion column (see Fig. I) and lipid contents were deter- 
mined. TC total cholesterol: FC free cholesterol; CE, 
choiesteryi esters; TG triglycerides; PL, phospholipids. Experi- 
mental errors in lipid determination were within 5%. Lipid/apo 
B weight ratios arc shown in parentheses. 
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° X ", L fC_1 f CXposurc t0 DMPC/apo A "'- Celblar lipids were extracted for mass determination of CE FC as described 

under Materials and methods.' : v 



lated after exposure to DMPC/apo A-I 
was markedly decreased to 20%' that of 
control ox-LDL. Determination of cellular 
cholesterol mass (Fig. 3B) also showed that 
upon exposure to DMPC/apo A-I the capacity 
of ox-LDL for CE accumulation was reduced 
from 95.0 nmol/mg cell protein to 24.5 nmol/mg 
cell protein. 

The ligand activity of ox-LDL exposed to 
DMPC/apo A-I was expected to decrease in 
parallel with a decrease in its CE accumulation 
capacity. To test this, [ l25 I]-ox-LDL was incu- 
bated with DMPC/apo A-I and re-isolated 
with the gel filtration column (Fig. 1A, inset). 
Endocytic degradation and cell-association of 
re-isolated [ i25 I]-ox-LDL were compared with 
those of the control [ 125 I]-ox-LDL treated 
similarly except for exposure to DMPC/apo 
A-I. As shown in Fig. 4A, degradation of re- 
isolated [ 125 I]-ox-LDL was significantly de- 
creased when compared with that of control. A 
similar reduction was observed with cell-associa- 
tion of ox-LDL (Fig. 4B). These results indi- 
cated that a marked decrease in ligand activity 
occurred to ox-LDL after interaction with 
DMPC/apo A-I. 



3.3. Effects of apo A-I incorporation on 
physico-chemical and biological properties of 
ox -LDL 

To examine, whether apo A-I alone could in- 
duce a similar alteration in the ligand activity of 
ox-LDL, ox-LDL was incubated with free apo 
A-I and re-isolated by gel filtration chromatogra- 
phy (data not shown). Re-isolated ox-LDL was 
found to contain, a significant amount of apo A-I 
( ~ 10% of protein of ox-LDL fractions) to the 
extent similar to ox-LDL re-isolated after incuba.- 
tion with DMPC/apo A-I (Fig. 1A). However, its 
electrophoretic mobility on agarose gel elec- 
trophoresis did not differ from control ox-LDL 
(data not shown). As shown in Table 2 5 incuba- 
tion of ox-LDL with apo A-I induced a 10% 
decrease in each lipid (on a total protein .basis), 
which would largely be explained by incorpora- 
tion of apo A-L We then determined the capacity 
of re-isolated ox-LDL for CE accumulation in 
macrophages. As shown in Table 3, ox-LDL re- 
isolated after exposure to apo A-I was indistin- 
guishable from the control ox-LDL in its CE 
accumulation capacity. Moreover the capacity of 
ox-LDL to be degraded by macrophages did not 
decrease, even after incubation with free apo A-I 
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Ox-LDL ( |j.g protein/ml ) 



Fig. 4. Endocyiic degradation and cell-associalion of [ !2S l]-ox-LDL re-isolated after cell-free incubation with DMPC/apo A-I. 
[ l23 l]-ox-LDL (5 mg protein/mi) was incubated at 37°C for 18 h with DMPC/apo A-f (5 mg protein/ml) in 2 ml of 0.15 M NaG 
and 1 mM EDTA (pH 7.4} and re-isolated on a Scphacryl S-400 gel filtration column. Adhered macrophages (2 x 10 6 ) were 
incubated at ZVC for IS h with the indicated protein concentrations of [ i25 l]-o.\-LDL (®) or re-isolated [ ,25 I}~ox-LDL exposed to 
DMPC/apo A-l (O). TCA-soluble radioactivity (A) and cell-associated radioaciiviiy (B) were determined as described under 
'Materials and methods/ 



(data not shown). These results suggested 
that apo A-I alone did not affect the ligand 
activity of ox-LDL for the scavenger recep- 
tors). 

3.4. Effect of DMPC/apo A-I on endocyiic 
degradation and cell -association of [ i25 f]-ox-LDL 
To elucidate whether DMPC/apo A-I could 
interact with ox-LDL in the cell-culture 
medium, effects of DMPC/apo A-I on endo- 
cyiic degradation and cell-association of [ ,25 l]- 
ox-LDL were examined. As shown in Fig. 5A, 
degradation of [ ,25 I]-ox-LDL was competed for 
by unlabeled ox-LDL whereas neither unlabeled 
HDL, LDL nor apo A-I had any effect. In 
sharp contrast to HDL, unlabeled DMPC/apo 
A-I markedly suppressed degradation of [ ,25 I]- 
ox-LDL. The extent of inhibition exceeded that 
of ox-LDL itself. A similar inhibitory pattern 
was also observed in cell-association of [ 125 I]- 
ox~LDL (Fig. 5B). These results suggested that 
DMPC/apo A-I might interact in the cell-cul- 
ture medium with ox-LDL, leading to a de- 



crease in the CE accumulation capacity of ox- 
LDL. 

4, Discussion 

In the previous report, we demonstrated that 
the interaction of DMPC/apo A-I with acetyl- 
LDL resulted in a marked reduction in its lig- 
and activity for the macrophage scavenger 
receptor [13]. The present study was undertaken 
to obtain a pathophysiological implication(s) of 
this phenomenon by using .ox-LDL instead of 
acetyi-LDL as a more likely atherogenic lipo- 
protein in vivo. The results make it clear that 
the interaction of ox-LDL with DMPC/apo A-I 
reduced the CE accumulation capacity of ox- 
LDL by reducing its cholesterol content as well 
as its ligand activity. 

It lias been suggested that ox-LDL is 
recognized by several types of receptors. 
They include (i) the scavenger receptor 
(type 1 and type II) cloned by Kodama 
et al. [30], (ii) the Fc receptor [31], (iii) 
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Table 2 

Lipid contents of ox-LDL re-isolaied after cell-free incubation 
with apo A-I 



Lipoproteins 


TC 


FC 


CE 


TG 


PL 




(Lipid/ 


'protein 


weight 


ratio) 




Ox-LDL 


1.37 


0.36 


1.01 


0.32 


0.92 


Ox-LDL exposed 


1.23 


0.33 


0.90 


0.29 


0.81 


to apo A-l 


{1.35 


0.36 


0.99 


0.32 


0.89) 



Ox-LDL (5 mg protein/ml) was incubated at 37°C for IS h 
with apo A-I (20 mg protein/ml) in 2 mi of 0. 15 M NaCl and 
1 mM EDTA (pM 7.4). Ox-LDL, apo A-l were re-isolated on 
a Sephacryl 5-400 gel filtration column and lipid contents were 
determined. TC. total cholesterol; FC free cholesterol: CE. 
cholesteryl esters: TG, triglycerides; PL, phospholipids. Exper- 
imental errors in the lipid determination were within 5%. 
Lipid/apo B weight ratios arc shown in parentheses. 

CD 36 [32] demonstrated by Stanton and Ende- 
mann et al., and (iv) SR-BI, a CD 36-related 
molecule that was recently cloned by Acton et ai. 
[33]. Moreover, the presence of other types of 
scavenger receptors has also been suggested. In 
mouse peritoneal macrophages, Sparrow et al. 
[34] and Arai et al. [35] proposed the presence of 
a scavenger receptor specific for ox-LDL but not 
for acetyl-LDL. Van Berkel et al. [36,37] identified 
a 95 kDa protein as a putative ox-LDL receptor 
in rat Kupffer cells. Melkko et al. [38] showed 
that the endocytic uptake of A 7 -terminal peptides 



Table 3 

Capacity for CE-accumulation in mouse macrophages of ox- 
LDL after exposure to free apo A-l 



Sample [^Hjoleate chotcsicryi[* 1 H]oleaic 

(//g protein/ml) (nmol/mg cell protein) 



Non loaded 




0.3 ±0.1 


Ox-LDL 


5 


4/4. ±0.2 




10 


6.5-+ 0.4 


Ox-LDL exposed to 


5 


4.1 + 0.5 


free apo A-I 


10 


6.2 ± 0.6 



Adhered macrophages (2 x 10 6 ) were incubated al 37°C for 
18 h with 0,1 mM pHJoleate and the indicated protein concen- 
trations of ox-LDL or ox-LDL re-isolated after incubation 
with apo A-I. Cellular lipids were extracted and the radioactiv- 
ity of cholesterylpHJoleate was determined as described under 
'Materials and methods'. Values are the mean + S.D. (n -4) 



of procollagen by rat liver endothelial cells might 
be mediated by the receptor which was partially 
competed for by acetyl-LDL, All these results 
strongly suggest that there may be multiple recep- 
tors that recognize ox-LDL- It is unclear, how- 
ever, which receptor(s) plays a dominant role(s) in 
the endocytic uptake of ox-LDL. 

The mechanism by which the net negative 
charge and ligand activity of ox-LDL were signifi- 
cantly reduced after exposure to DMPC/apo A-I 
is not known. Several studies have demonstrated 
that modification of lipid moieties of lipoproteins 
could induce a conformational change in apolipo- 
proteins that secondarily affected the ligand activ- 
ity: (i) upon conversion of very low density 
lipoprotein (VLDL) to LDL by triglyceride hy- 
drolysis, conformation of apo B was altered and 
the affinity for the LDL receptor was increased 
[39,40], (ii) treatment of LDL with lipoprotein 
lipase or hepatic lipase [41] resulted in an increase 
in binding to the LDL receptor, (iii) treatment of 
LDL with sphingomyelinase [42] also enhanced its 
binding to the receptor, (iv) treatment of LDL 
with cholesterol esterase, on the contrary, reduced 
its ligand activity for the receptor [43], and (v) 
treatment of LDL with phospholipase A2 also 
reduced its ligand activity [44]. 

The interaction between ox-LDL and DM PC/ 
apo A-I is mainly characterized by transfer of a 
large amount of DMPC, as well as a relatively 
small amount of apo A-I from DMPC/apo A -J to 
ox-LDL, with a minor transfer of other lipids in a 
reverse direction (Table 1). When ox-LDL was 
incubated with free apo A-I apo, A-I incorpora- 
tion was also observed (data not shown), -..How- 
ever, it had no effect on the ligand activity of 
ox-LDL as well as its CE accumulation capacity 
(Table 3). indicating that alteration of the lipid 
moiety rather than protein moiety would be re- 
sponsible for the. reduction in the ligand activity 
of ox-LDL after exposure to DMPC/apo A-I. 
If one can take- into consideration the interaction 
of acetyl-LDL with DMPC/apo A-I [13]. it 
seems reasonable to expect that DMPC incorpo- 
ration into ox-LDL might also play a critical role 
in this phenomenon. To confirm this notion, sev- 
eral trials were made to characterize the interac- 
tion of ox-LDL with DMPC liposomes. However, 
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Unlabeled Ligands ( [ig protein/ml ) 



Pig. 5. Ert'sei of DMPC/apo A-I on cndocytic degradation and celi-associaiion of [ l25 I'j-ox-LDL. Adhered macrophages (2 x 10*} 
were incubated at 37°C for 18 h with 4 ;/g protein/rn! of [ l25 f]-ox-LDL in the absence or presence of the indicated protein 
concentrations of LDL (O), ox-LDL (©). HDL (□), DMPC/apo A-I (B) or free apo A-I (A). TCA-solubk radioactivity in the 
medium (A) and cell-associated radioactivity (B) were determined as described under 'Materials and methods.' The 100% values of 
endocytic degradation (A) and cell-association (B) were 2.61 and 1.71 /vg/lS h/mg cell protein, respectively. 



since almost all the ox-LDL particles became 
insoluble aggregates upon incubation with DM PC 
liposome, the re -isolation and subsequent charac- 
terization of re-isolated ox-LDL was unsuccessful. 

Phospholipids of reconstituted HDL were re- 
ported to be readily transferred to LDL [45,46] 
and HDL [47]. In the present study, when ox- 
LDL was incubated with DMPC/apo A-I. we 
observed the transfer of DMPC from DMPC/apo 
A-I to ox-LDL (Table 1). However, when ox- 
LDL was incubated with HDL instead of DMPC/ 
apo A-I. the net transfer of phospholipid did not 
occur (Table 1). It is likely, therefore, that phos- 
pholipids are more tightly associated with HDL 
particles when compared with those in DMPC/ 
apo A-L Lipid-lipid interactions between phos- 
pholipids and core lipids of HDL might inhibit 
phospholipid 'transfer from HDL to ox-LDL. 

In general, apo A-I is preferentially incorpo- 
rated into HDL but not into LDL when incu- 
bated with plasma. This was explained by the 
difference in conditions of surface lipids of lipo- 
proteins [48,49], In contrast to LDL or acetyl- 
LDL [13] incubation of ox-LDL with DMPC/apo 
A-I resulted in incorporation of a significant 
amount of apo A-I into ox-LDL (Figs. 1A and 
2A). This must reflect a difference in the surface 



lipid conditions between LDL (or acetyl-LDL) 
and ox-LDL. Upon oxidation, part of phos- 
phatidylcholine and free cholesterol of LDL parti- 
cles are converted to lysophosphatidylcholine and 
oxidized sterols, thus making the surface of ox- 
LDL particles much more susceptible to incorpo- 
ration of apo A-L Other examples supporting this 
notion are available. The surface perturbation of 
LDL particles with vortexing [50] or phospholi- 
pase C treatment [51] is known to induce aggrega- 
tion of LDL particles. The presence of apo A-I 
during these treatments, however, could effec- 
tively protect LDL from aggregation because apo 
A-I was incorporated into LDL [50.51]. In the 
present study, aggregation occurred to ox-LDL 
when incubated with DMPC liposomes (data not 
shown), whereas such a thing did not occur when 
incubated with DMPC/apo A-L Therefore during 
the interaction between ox-LDL and DMPC/apo 
A-L apo A-I may have a role in preventing ox- 
LDL from aggregation. 

Although the present results obtained from in 
vitro experiments clearly demonstrate a significant 
reduction in CE accumulation capacity of ox- 
LDL when treated with DMPC/apo A-I, it is not 
clear yet whether the CE accumulation capacity of 
ox-LDL would indeed be affected by an in vivo 
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counterpart of DMPC/apo A-I. A discoidal HDL 
particle is a likely candidate for a natural. counter- 
part of DMPC/apo A-I. It was reported that 
interstitial fluid [14] and culture media obtained 
from human hepatoma cells (HepG2) [52] contain 
'nascent HDL' which is composed of apo A-l and 
phospholipids with a negligible amount of CE and 
FC. In addition to the secretion of 'nascent HDL' 
from hepatocytes. other pathways for formation 
of discoidal HDL particles have also been pro- 
posed [53,54]. Thus, it is possible to speculate that 
discoidal HDL particles present in situ might 
reduce the CE accumulation capacity of ox-LDL. 
If this speculation is the case, this phenomenon 
may count for a major function 'of HDL as an 
antiatherogenic lipoprotein. 
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ABSTRACT. We recently reported the conversion of the water-soluble antiviral drug iododeoxyuridine (1DU) 
into the lipophilic prodrug dioleoyl-iododeoxyuridine (IDU-OL). The prodrug was incorporated into record- 
luted high-density lipoprotein (NeoHDL) particles with physical and biological properties similar to those of 
native HDL. We also found, in initial experiments, that lactosylation of the prodrug-loaded NeoHDL increases 
its liver uptake. Because this offers the attractive perspective of using these particles for the delivery of drugs to 
the liver, we now analyze the characteristics and biological fate of lactosylated IDU-Ol, -loaded NeoHDL. The 
particles (containing approximately 25 prodrug molecules) have the same size and charge as native. HDL, 
indicating that lactosylation does not cause aggregation or oxidative modification. At 10 min after intravenous 
injection of lactosylated [ J H]IDU-Ol r loaded NeoHDL into rats, only 13.5 ± 2.8% of the dose was left in plasma 
and 75.9 ± 2.4% of die dose was recovered in the liver. The relative specific uptake by the liver was I -borders 
of magnitude higher than that of any other tissue. The hepatic uptake of lactosylated [ 3 HjlDU-OU-loaded 
NeoHDL was much higher than that of free [ 3 H]JDU (<20% of the dose). Both parenchymal liver cells and 
Kupffer cells express galactose-specific receptors. By isolating liver ceils after injection of the prodnig-loaded 
particles, it was established that hepatic uptake occurred mainly (for 84-4 ± 3.8%) in parenchymal liver cells. 
Preinjection with asialofetuin substantially reduced the liver uptake of lactosylated [ 3 H]lDU-OI r loaded Neo- 
HDL, which points to uptake by the asiaioglycoprotein receptor. Subcellular fractionation of the fiver indicated 
that lactosylated [ 3 H]IDU-01 r Ioaded NeoHDL does not merely associate to cells, but is internalized, and 
delivered to the lysosomes. In conclusion, we show that 1DU can be specifically targeted to the parenchymal liver 
cell. Conversion of the water-soluble parent drug into a lipophilic prodrug that is incorporated into a lactosylated 
reconstituted HDL panicle, is an approach that may also be used to deliver other water-soluble drugs to the 
parenchymal liver cells. This may lead to more effective therapy for liver diseases such as hepatitis B^BIOCHEM 
PHARMACOL 52; 1: 113-121, 1996. 



KEY WORDS, asiaioglycoprotein receptor; selective drug delivery; hepatitis B; antivirus; parenchymal liver 
cells; reconstituted lipoproteins 



The selective delivery of a drug to its specific cellular target 
increases its therapeutic effectiveness and reduces undesired 
interactions with nontarget tissues [1, 2]. Drugs may be 
delivered to target cells by associating the drug to a carrier 
that is recognised by receptors present on the surface of 
these cells. If these receptors are only present on the target 
cells, highly specific delivery of the drug can be achieved. 

In the liver, both Kupffer and parenchymal cells have 
receptors on their plasma membranes that specifically bind 
and internalise ligands with terminal D-galactose resi- 
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t Abbreviations: 1DU, 5-iodo-2'-dcoxyuridine; lDU-OL 2 , 3\5'-dioleoyl- 
5-iodo-2'-dcoxyuridine; HDL, high-density lipoprotein; LDL, low-density 
lipoprotein; NeoHDL, HDL- like lipid particles. 



dues. The receptor on parenchymal cells is the classic asia- 
ioglycoprotein receptor [3,4]. Kupffer cells express a recep- 
tor that binds gaiactose-exposing particles larger than 12 
nm [5, 6]. This receptor (also referred to as the galactose- 
particle receptor) is different from the receptor on the pa- 
renchymal cells and is probably identical to a well- 
characterized receptor that also recognizes fucose [7, 8J. 
Because galactose-specific receptors show only a high ex- 
pression on Kupffer and parenchymal liver cells, they are 
attractive targets for the delivery of drugs to these cells. 

We showed previously that lipoproteins can be specifi- 
cally targeted to the galactose-specific hepatic receptors [9, 
10]. Lactosylation of the apoprotein moiety of HDLt in- 
duced rapid and highly specific uptake by the galactose 
receptor on parenchymal liver cells [10J. Lactosylation of 
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receptors on Kupffer cells [9j. The different intrahepatic 
distributions of lactosylated LQL and lact.osylated HDL can 
probably be ascribed to differences in the sizes of the par^ 
tides [6]. Lipoproteins are attractive potential drug carriers 
[1 1—14]. They are spherical particles consisting of a core of 
apolar lipids surrounded by a phospholid monolayer, in 
which cholesterol and apoproteins are embedded. Highly 
lipophilic drugs can be incorporated into the apolar core 
and, thus, he transported, hidden inside the particles [11- 
14]- As drug carriers, lactosylated lipoproteins have advan- 
tages over ga lactose-ex posing soluble molecules such as 
(neo)glycoproteins and lactosylated poly-L-lysine [15-17], 
A (pro)drug incorporated into the lipid moiety of lacto- 
sylated lipoproteins is protected from the environment dur- 
ing transport in the circulation. Further, (pro)drugs incor- 
porated in the lipid moiety are not likely to interfere with 
the receptor- media ted recognition of the lactose residues 
on the apoproteins. 

A possible limitation for the use of lipoproteins as drug 
carriers may be their limited availability. We recently in- 
vestigated the possibility of synthesizing lipoprotein- 1 ike 
lipid particles horn commercially available lipids and iso- 
lated apoproteins. We succeeded in preparing particles with 
properties very similar to the naturally occurring human 
.HDL [18]. More recently, we further investigated the po- 

/ ten rial use of reconstituted HDL particles, denoted Neo- 
HDL, as drug carriers. We used the antiviral/antineoplastic 

\drug 1DU [19, 20 J as model compound. IDU is not suffi- 
ciently lipophilic for incorporation into (neo) lipoproteins. 
We, therefore, synthesized the lipophilic prodrug IDU-Ol? 
(Fig. 1). The olcoyl residues were attached to IDU via an 
ester linkage [21]. Because esterases are ubiquitous, this type 
of linkage ensures release of the original, pharmacologically 
active drug at the site of delivery [22 J. IDU-Ol 2 incorpo- 
rated readily into NeoHDL, and the physical and biological 
properties of the prodrug- loaded particles were very similar 
to those of native HDL [21]. We also found, in initial 
studies, that lactosylation induced an increased liver asso- 
ciation of the prod rug- loaded particles. This finding offers 
the attractive perspective of utilizing these particles as 
hepatotrophic carriers for lipophilic (pro)drugs. To further 
evaluate the feasibility of utilizing the particles as drug car- 
riers, we analyzed in detail the physic ochemical character- 
istics and biological fate of lactosylated IDU-OL -loaded 
NeoHDL particles. We determined the tissue distribution 
of the prodrug- loaded particles to evaluate the specificity of 
liver uptake (i.e., to exclude major nonspecific uptake by 
extrahepatic tissues). In the liver, we identified the specific 
cell types and subcellular compartments involved in up- 
take, as well as the mechanism of hepatic uptake. 



MATERIALS AND METHODS 

Reagents 

Na l0 l (carrier- free) was from Amersham International, 
Amersham, Bucks, U.K. [ 3 H]1DU-01 2 was synthesized as 



O^N' -3 H 



O H 

II I 

CH 3 - (CH2) 7 -CH=CH-(CH2) 7 -C— O— C-H 



O 



CH 3 -(CH 2 ) 7 -CH=-CH-(CH 2 ) 7 -C — O H 
FIG. 1. 3^5 / 'dioleoy]o-iodo-2 , -deoxyuridine (IDU-OL). 



Janssen (Beerse. Belgium). Egg yolk phosphatidyl choline 
was from Fluka (Buchs, Switzerland). Cholesterol and bo- 
vine serum albumin (fraction V) were obtained from Sigma 
(St. Louis, MO, U.S.A.). Lactose was supplied by Merck 
(Darmstadt, Germany). Sodium cyanoborohydride. was from 
Aldrich. (Brussels, Belgium). Emulsifier Safe™ and H ionic 
Fluor™ scintillation cocktails and Soluene-350 were from 
Packard (Downers Grove, 1L, U.S.A.). Asialofctuin was 
prepared as described in detail earlier [10]. All other re- 
agents were of analytical grade. 



Preparation of Lactosylated 
[*H]lDU~OU'Loaded NeoHDL 

HDL- like lipid particles (NeoHDL) were prepared as de- 
scribed in detail earlier [21]. In brief, 3.6 nig of phosphatidyl 
choline, 0.9 mg of cholesterol, L8 rng of cholesteryl oleate, 
and 0.9 mg of [ 3 H]IDU-OU (specific radioactivity 5.5 mCt/ 
n mo 1 ) , d ispersed i n son ica t ion bu ffer ( 1 0 rn M Tr is- HC1 
buffer, P H 8.0, containing 0.1 M KC1, 1 mM EDTA, and 
0.025% NaN 3 ), were sonicated for 60 min at 49-52°C. 
Then, the temperature was lowered to 42~44°C. Son i cation 
was continued, and 20 mg of HDL apoproteins, dissolved in 
4 M urea, were added in small portions over a period of 10 
min. After a. further 20 min, the sonication was stopped and 
large particles were removed by cemxifugation. The 
[ 3 H]IDU-01 r loaded NeoHDL particles were purified by 
density gradient centrifugation and by FPLC using a Supe- 
rose-6 column. The purified [- 3 H]IDU-01 r loaded NeoHDL 
was subsequently lactosylated by incubating the particles 
(1.0 mg of protein/mL in 0.1 M sodium phosphate buffer, 
pH 7.0, containing 1 mM EDTA) under sterile conditions 
at 37 Q C with, lactose and sodium cyanoborohydride to final 
concentrations of .100 mg/mL and 50 mg/mL, respectively. 
After 60 hr, the reaction was stopped by the addition of 0.2 
volume of 0.6 M NH 4 HCO v The lactosylated particles 
were exhaustively dialyzed against phosphate-buffered sa- 
line (10 mM sodium phosphate buffer, pH 7.4, containing 
0.15 M NaCl and 1 mM EDTA), Experiments with native 
HDL indicate that, under these conditions, apoprotein Al 
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Targeting of Did eoy I -iododeoxy uridine by Lactosylated NeoHDL 

Preparation of Radioiodinated 

Lactosylated [ S H]IDU'Ol r Loaded NeoHDL 

l 3 H]lDU-01 r loade.d NeoHDL, prepared as described in the 
previous section, was labeled with n5 \ using iodine mono- 
chloride as described earlier [10]. The resulting double- 
labeled preparation, which contained approximately equal 
amounts of !23 1 and 3 H, was subsequently lactosylated as 
described above. 

Chemical Characterization of 
Lactosylated [ 3 H]lDU~Ol 2 -loadcd NcoHDL 

The chemical composition of lactosylated [ 3 H]IDU-OU- 
ioaded NeoHDL was determined as follows. Protein was 
measured by the method of Lowry et al [23]. using bovine 
serum albumin as a standard. The amount of lactose was 
determined by the A nth rone assay [24]. Cholesterol and 
cholesteryi oleate were determined by an enzymatic 
method, as described earlier [25]. Phosphatidyl choline was 
assayed using a colorometric test kit provided by Boehringer 
Mannheim (Mannheim, Germany). The amount of 
[ 3 H]IDU-Oi 2 was determined by measuring radioactivity. 

Determination of Plasma 
Clearance and Tissue Distribution 

Male Wistar rats, weighing between 225 and 325 gram, 
were used. The animals were anesthesized by intraperito- 
neal injection of 15-20 mg of sodium pentobarbital, and 
the abdomen was opened. Radiolabeled prod rug- loaded lac- 
tosylated NeoHDL was injected via the vena penis. At the 
indicated times, blood samples of 0.2-0.3 mL were taken 
from the inferior vena cava and collected in heparinhed 
tubes. The samples were cencrifuged for 2 min at 16,000 x 
g, and the plasma assayed for radioactivity. The total 
amount of radioactivity in plasma was calculated using the 
equation: plasma volume (mL) = (0.0219 x body weight 
(g)] + 2.66 [9]. At the indicated times, liver lobules were 
tied off and excised and, at the end of the experiment, the 
remainder of the liver was removed. The amount of liver 
tissue tied off successively did not exceed 15% of the total 
liver mass. Radioactivity? in the liver at each time point was 
calculated from the radioactivities and weights of the liver 
samples. Radioactivities in liver and other tissues were cor- 
rected for radioactivity in plasma present in the tissue at the 
time of sampling [26]. 

Detennhiation of the Distribution Over Liver Cell Types 

Rats were anesthesized and injected with radiolabeled pro- 
drug-Ioaded lactosylated NeoHDL, as described above. The 
liver was perfused at 10 min after injection, and parenchy- 
mal, Kupffer, and endothelial cells were isolated from the 
liver as described in detail earlier [27]. Shortly before sepa- 
ration of the cells, a liver lobule was tied off and excised to 
determine the total liver uptake. The contributions of the 
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described previously 127]. As found with other ligands [9, 
10, 27], no significant amounts of radioactivity were lost 
from the cells during the isolation procedure. This was 
checked in each experiment by comparing the calculated 
liver uptake (i.e., the summation of the contributions of the 
various cell types) with the value actually measured in the 
liver lobule. 

Subcellular Fractionation 

Rats were anesthesized and injected with radiolabeled pro- 
drug-loaded lactosylated NeoHDL, as described above. 
Twenty minutes later, the liver was perfused with ice-cold 
0.25 M sucrose containing 10 mM Tris-HCl buffer, pH 7'4- 
Subsequently, the liver was divided into subcellular frac- 
tions as described previously [28]. In brief, the liver was 
dispersed in 2 volumes of sucrose/Tris-HCl (see above) us- 
ing a homogenizer of the Potter-Elvehjem type. Fractions 
enriched in nuclei, mitochondria, lysosomes, and micro- 
somes were obtained by collecting pellets obtained after 
subjecting the homogenate to consecutive centr if ligation 
steps of 5 min at 1200 x g l 5 min at 9,000 x g ; 15 rnin at 
22,000 x g] and 30 min at 210,000 x g t respectively en- 
forces in middle of tubes), with the final supernatant being 
the cytosol fraction. "The fractions were assayed for radio- 
activity, protein, and the activity of marker enzymes as 
described in detail earlier |23j. 

Determination of Proteins 

Protein concentrations in cell suspensions and subcellular 
fractions were determined by the method of Lowry et al, 
[23] v with a bovine serum albumin standard. 

Deterrmruirion of Radioactivity 

Samples containing 3 H were counted in a Packard Tri-Carb 
1500 liquid scintillation counter, using Emulsifier Safe™ or 
H ionic Fluor™ scintillation cocktails. Gel slices were first 
digested with Soluene-350. Tissue samples were processed 
using a Packard 306 Sample Oxidizer. Some tissues (e.g., 
bone) were dissolved in 10 M NaOH at 95 °C. In samples 
containing both and 3 H, the l25 l-radioactivity was 
counted in a Packard Auto-Gamma 5000 counter. The *H- 
radioactivity was subsequently measured as described above 
and corrected for the contribution of 12:, I -radioactivity. 

RESULT 

Preparation and Characterization of 
Lactosylated [*H]IDU'Ql r Loaded NeoHDL 

Lactosylated NeoHDL particles, having incorporated the 
lipophilic prodrug [ 3 H]IDU-01 2 in the lipid moiety, were 
prepared as described earlier [21]. In short, phosphatidyl 
choline, cholesterol, cholesteryl oleate, [ 3 H]IDU*01 2 and 
HDL apoproteins were coson.icated. The resulting prodrug- 
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TABLE l. Chemical composition of [ 3 H)lDU-OI 2 4oaded 
lactosylated NeoHDL 



% of total weight 



Protein 


49.3 ± 4.4 


Phosphatidyl choline 


20.8 ± 2.4 


Cholesterol 


2.5 ±0.8 


Cholesteryl oleatc 


7.5 ± 0.4 


Lactose 


15.7 ± 1.5 


[ 3 H]1DU-01 2 


4-2 ± 0.3 



The chemical composition of l 3 HJlDU-OU-lo»ded lactosylated NeoHDL was ana- 
lyzed as described in Materials and Methods. Values given are means ± SEM of 3 
differem preparations. 



gation and FPLC. [ 3 H]lDU-Ol r loaded NeoHDL was sub- 
sequently provided with terminal D-galactosyl residues by 
incubation with lactose (D-galaciosyl-D-glucose) and so- 
dium cyanoborohydride. The latter reduces the Schiff s base 
formed between the glucose moiety of lactose and amino 
groups on NeoHDL, which results in covalent: attachment 
of lactose to the apoproteins [29], 

The chemical composition of lactosylated [ 3 H]IDU-01 2 - 
loaded NeoHDL is given in Table 1. The formation of the 
prodrug- loaded particles was very reproducible; only small 
variations were found in the compositions of differem 
preparations. The particles contained a substantial amount 



of lDUhOl 2 : 4.2 ± 0.3% of the total weight (12.2 ± 0.2% of 
the lipid moiety). From these data, it may be calculated that 
each particle contains approximately 25 IDU-01 2 mol- 
ecules. 

We showed, earlier, that the physical properties of 
[' H]IDU-01 2 -loaded NeoHDL are very similar to those of 
native HDL [21.]. Because physical properties, such as size 
and electric charge, are crucial to the biological fate of a 
(modified) lipoprotein carrier |6, 14,. 30], we investigated 
the effects of lactosylation on si2e and electric charge of 
[ 3 H]lDU-01 2 -Ioaded NeoHDL. For these studies, the apo- 
proteins of the particles were also labeled with 12 3 1. This 
permitted monitoring of both the incorporated 3 H-laheled 
prodrug and the 125 l-laheled apoproteins. Figure 2A shows 
the elution profile of lactosylated [ 3 H]lDU-6l 2 -loaded l25 l- 
NeoHDL on a calibrated Superose-6 column. Both i2:, i and 
" 3 H el u ted at die same position as native HDL. This finding 
indicates that the size of the prodrug-loaded particles was 
similar to that of native HDL. Figure 2B shows the result of 
agarose gel electrophoresis of lactosylated [ 3 H]IDU-Ol r 
loaded ,25 J-NeoHDL. Lipoproteins subjected to this type of 
electrophoresis are separated primarily according to their 
electric charge. Trie main peak, which migrated 2-4 cm 
from the origin, contained approximately 85% of the i25 l- 
radioactivity and about 95%. of the 3 H-radioactiviry. The 
remaining 15% of the ^I-radioactivity migrated more 
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FIG. 2. Analysis of the physical properties of lactosylated [ 3 H]IDU-Ol 2 -loaded l2S I-NeoHDL by gel permeation chromatog- 
raphy (A) and gel electrophoresis (B). A: Lactosylated [ 3 H]lDU-Ol 2 -ioaded ,25 l-NeoHDL (0.10 mg of protein) was injected 
onto a Superose-6 FPLC column (60 x 1,8 cm). The column was eluted with 0.1 M sodium phosphate buffer, pH 7.0, 
containing 0.5 M NaCl and 10 mM EDTA (flow rate 6 mL/hr). Fractions of 2.0 mL were collected and assayed for 3 H (©) and 
,25 1 (O). The results are expressed as % of the recovered radioactivity (recoveries > 75%). The elution volumes of LDL, HDL, 
and cytochrome C, which were used to calibrate the column, are indicated by arrows. B: Lactosylated [ 3 H]IDU-01 2 4oaded 
,25 I'NeoHDL (5 ug of protein) was subjected to electrophoresis in a 0.75% (w/v) agarose gel at pH 8.8 (75 mM Tris-hippuric 
acid buffer). The get was cut in slices that were assayed for J H (O) and l25 l (O). The radioactivity in each slice is given as % 
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FIG. 3. Plasma clearance and liver association of lacto- 
sylated [ 3 H]lDU-OI 2 -loaded NeoHDL. Rate were snirave* 
nously injected with lactosylated { 3 H]IDU-01 2 -loaded Neo- 
HDL (250 jig of protein/kg body weight). At the indicated 
times, the amounts of radioactivity in plasma (€>) and liver 
(O) were determined. Values are means ± SEM of 3 rats. 



slowly than the main peak, and probably represents iodin- 
ated apoproteins that had dissociated from the lactosylated 
NeoHDL particle. However, pH]lDU-Ol 2l which is the 
molecule of interest, is firmly associated with the main 
(NeoHDL) peak. Thus, the size and charge of lactosylated 
IDU-01 r ioaded NeoHDL are very similar to those of na- 
tive HDL. Moreover, because U5 1 and "'H behaved similarly 
in the experiments, the results further indicate that, under 
the conditions employed, the particles are stable- 



Plasma Clearance and Tissue Uptake of 
Lactosylated [ 3 HJIDU-OI 2 -loaded NeoHDL 

To investigate the biological fate of lactosylated [ 3 HjIDU- 
Ol 2 -loaded NeoHDL, rats were Injected with the prodrug- 
loaded particles, and the plasma clearance and association 
of radioactivity to tissues were determined. Figure 3 shows 
that the injected radioactivity was very rapidly cleared from 
the bloodstream. At 10 min after injection, only 13.5 t 
2.8% of the dose was left in plasma. The decrease, in plasma 
radioactivity coincided with an increase in hepatic radio- 
activity. At 10 min after injection, 75.9 ± 2.4% of the dose 
was recovered in the liver. 

The results shown in Fig. 3 point to the liver playing a 
predominant role in the removal of lactosylated NeoHDL- 
associated 1DU prodrug from the circulation. To investigate 



determined the tissue distribution of lactosylated [ 3 H]1DU- 
01 2 -loaded NeoHDL. The results are shown in Fig. 4, and 
are compared with the distribution of free [ 3 H]IDU. After 
injection of [ 3 H]IDU, the radioactivity distributed nonspe- 
cifically over the body. Most of the label was recovered in 
bulky tissues, such as muscles, skin, and bone, whereas the 
liver contained <20% of the dose. After injection of lac- 
tosylated [ 3 H]lDU-OI 2 -loaded NeoHDL, the relative spe- 
cific radioactivity in the liver was found to be 1-2 orders of 
magnitude higher than that in any other tissue (excluding 
blood). Compared to the free drug, substantially lower 
amounts of IDU-OI 2 were recovered in nonhepatic tissues. 
The ratio of liver uptake vs uptake by nonhepatic tissues 
(excluding blood) was 5.32 ± 0.57 alter injection of the 
NeoHDL-associated prodaig, and 0.23 ± 0.01 after injec- 
tion of the free drug* 



Cellular and Subcellular Distribution of 
Lactosylated [ 3 H]lDV^Ol r Loadcd NeoHDL in 
the Liver 

In the liver, both Kupffer cells and parenchymal cells pos- 
sess receptors that can bind and internalize ga lactose - 
containing ligands (3-6> 9, 10]. To identify the cell type(s) 
responsible for hepatic uptake, rats were injected with lac- 
tosylated [^HjlDU-OU-loaded NeoHDL, and parenchymal, 
Kupffer, and endothelial cells were isolated from the liver 
10 min later. The cell isolation procedure was performed at 
a low temperature (8°C) to prevent processing of the in- 
ternalized ligand. The results are shown in Table 2. The 
parenchymal cells were found to be the main site of uptake. 
These cells accounted for 84-4 ± 3.8% of total liver uptake, 
whereas Kupffer and endothelial cells contained much 
smaller amounts of radioactivity. 

The mechanism of liver association of lactosylated 
[ 3 H]lDU-01 2 -loaded NeoHDL was investigated by inject- 
ing rats with asialofetuin 1 min prior to injection of the 
prodrug- loaded particles. Asialofetuin specifically blocks 
uptake via the galactose -specific receptors on parenchymal 
liver cells [31]. Preinjection of the animals with asialofetuin 
(50 mg/kg body weight) inhibited the liver uptake of lac- 
tosylated [ 3 H]IDU-OI 2 -loaded NeoHDL considerably, and 
preinjection with the same dose of fetuin (which lacks ter- 
minal galactose residues) had no significant effect (Fig. 5). 
The reduction in hepatic uptake of radioactivity by asi- 
alofetuin was accompanied by a substantial increase in ra- 
dioactivity in the blood plasma (not shown). These find- 
ings indicate that galactose-specific recognition, sites in the 
liver are mainly responsible for uptake, and that [ 3 H]IDU- 
01 2 follows the fate of the lactosylated NeoHDL carrier. 
Because asialofetuin inhibits uptake by the asialoglycopro- 
tein receptor, but not galactose -media ted uptake by Kupffer 
cells [31 J, this finding confirms the major role of parenchy- 
mal cells in the hepatic uptake of the prodrug-Ioaded lac- 
tosylated NeoHDL. 

To investigate the intracellular processing of lactosylated 
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FIG. 4. Tissue distribution of lac tos via ted pHJIDU-OVioaded NeoHOL and [ 3 H)iDU. Rats were intravenously injected with 
lactosylated [ 3 H]IDU-OI 2 -ioaded NeoHDL at a dose of 250 ug of protein/kg body weight (filled bar) or with an equivalent 
amount of underivatized f 3 HJlDU (shaded bar). At 10 min after injection, the radioactivities in the indicated tissues and organs 
were determined. The results are expressed as % of the recovered amount of radioactivity (A) and as relative specific activity 
(B; % of total recovered radioactivity divided by % of total recovered weight). Recoveries of radioactivity and tissues in rats 
injected with lactosylated [ 3 H]IDU-Oi 2 -ioaded NeoHDL were 98.9 - 0.9% and 97.2 * 1.3%, respectively. Recoveries of 
radioactivity and tissues in rats injected with [ 3 H]IDU were 72.8 ± 3.4% and 100. 1 ± 0.1%, respectively. Values are means * 
SEM of 3 rats. 



subcellular fractionation [28]. The distribution pattern of 
radioactivity showed the highest relative specific activity in 
the lysosomal fractions (Fig. 6). The lysosomal marker acid 
phosphatase also showed the highest relative specific activ- 
ity in the lysosomal fraction, whereas the microsomal 
marker glucose- 6-phosph a case had a clearly different distri- 
bution. This finding indicates that lactosylated f 3 H]IDU- 
Ol 2 -loaded NeoHDL does not merely associate with cells, 
but is internalized and transported to lysosomes. 

DISCUSSION 

We showed, recently, that the lipophilic prodrug IDU-OL 
can he efficiently incorporated into a reconstituted HDL 
particle (NeoHDL) with similar physicochemical properties 
to those of native HDL [21]. After intravenous injection 
into rats, the particles were relatively slowly cleared from 
the circulation, in a manner very similar to that of native 
HDL [21]. We also showed, in initial experiments, that 
lactosylation induced an increased liver association of the 
prodrug-loaded particles. In the present study, we further 
analyzed the characteristics and biological fate of IDU-01 2 - 
loaded NeoHDL. 

The lactosylated I LXJ-Ql r loaded NeoHDL particles 
contained a substantial amount of 1DU-QL: 4-2 ± 03% of 
the total weight, which corresponds to approximately 12% 



oi the lipid moiety. Each particle may be calculated to 
contain approximately 25 IDU-Ol 2 molecules. Higher loads 
of the. prodrug have not been tested, but may very well be 
possible. The physical properties of a lipoprotein carrier are 
crucial to its biological fate. Aggregation or introduction of 
negative charges (e.g., as a result of oxidative modification) 
will result in a rapid uptake by sinusoidal liver cells [14, 30]. 
Further, the size oi a lactosylated lipoprotein particle largely 
determines its uptake by different liver cell types [6J. We, 
therefore, investigated the size and electric charge of the 



TABLE 2. Uptake of intravenously injected lactosylated 
[ 3 H]lDU'OI 2 4oaded NeoHDL by liver cell types 





Uptake of lactosylated 




l 3 H]IDU'OI 2 4oaded NeoHDL 


Cell type 


(% of total liver uptake) 


Parenchymal cells 


84-4 ± 3.4 


Kupffer cells 


10.6 ± 2.1 


Endothelial cells 


5.0 ± 2.3 



Rats were injected with lacvosyinted { 3 Hj I DU-01 2 - loaded NeoHDL or a dose of 250 
of protein per l:« body weighi. Ten minutes later, parenchymal, endothelial, and 
Kupffer celb were isolated, and the association of radioactivity to each cell type 
determined. Upralre. by k:\c\i ceil type \r> expressed w ihe rein live contribution to the 
total liver Hptnke. These values were calculated from the uptake per mw of eel! 
protein and rhc contribution of each cell type, to the torn! liver protein 12?]. Values 
me mcani ± SBM of 3 rui>- 
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FIG. 5. Effect of asialofetuin and fetuin on the hepatic asso- 
ciation of lactosylated [ 3 H]IDU-01 2 -loaded NeoHDL. Rats 
were intravenously injected with lactosylated [ 3 H]IDU'Ol 2 - 
loaded NeoHDL at a dose of 250 ug of proteinflkg body 
weight. One min prior to injection, the animals received 
asialofetuin or fetuin, each at a dose of 50 mg/kg body 
weight. Controls were preinjected with solvent (phosphate- 
buffered saline). Ten min after injection, the radioactivity in 
the liver was determined. Differences with respect to the 
controls were tested for significance by Wilcoxon's two- 
sample test [37]. Values are means ± SEM of 3-4 rats. *P < 
0.05; ns, not significant 



lactosyla ted prodrug-loaded NeoHDL particles. Analysis by 
gel permeation chromatography and agarose gel electropho- 
resis indicated that size and electric charge of the prod rug- 
loaded particles were very similar to those of native HDL. 
Thus, the particles were not aggregated or oxi datively 
modified, which reduces the risk of undesired uptake by 
sinusoidal liver cells. The [ 3 H]prodrug and [ 125 lipoproteins 
of the particle behaved similarly in both assays, indicating 
that, under the conditions employed, the particles are 
stable. Further, the prodrug- loaded particles can be stored 
for at least 4 weeks at 4°C without noticeable effects on 
their physical properties or biological behavior. 

Derivatization of 1D1J with oleic acid residues and sub- 
sequent incorporation of the prodrug into lactosyla ted Neo- 
HDL drastically altered its biological fate. Underivatized 
1DU disappears very rapidly from the circulation after in- 
travenous injection, and only a small proportion of the 
injected dose is recovered in the liver. The remainder was 
found to be evenly distributed over all tissues- IDU-OI? 
incorporated into lactosyla ted NeoHDL also rapidly disap- 
pears from the circulation. In sharp contrast to the free 
drug, the cleared radioactivity was almost quantitatively 
recovered in the liver. The ratio of liver uptake vs uptake by 



prodrug was 5.32 t 0.57, (i.e., 23 times higher than that of 
the free drug; 0.23 ± 0.01). Binding of iactosylated IDU- 
OU-loaded NeoHDL to the galactose receptors is followed 
by internalization and transport to the lysosomal compart- 
ment. 

In the liver, parenchymal cells are mainly responsible for 
uptake of Iactosylated IDU-Ol r loaded NeoHDL. In cell 
separation experiments, it was found that parenchymal cells 
concained approximately 85% of the total hepatic radioac- 
tivity. Preinjection of rats with asialofetuin, a specific com- 
petitor for uptake by the galactose receptor on parenchymal 
liver cells, substantially reduced liver uptake of Iactosylated 
IDU-Ol z -loaded NeoHDL 1 Native fetuin, which has no ter- 
minal galactose residues, had no significant effect. These 
findings indicate that the galactose residues of the prod rug- 
loaded particle mediate its hepatic uptake. Kupffer cells also 
express a galactose-specific receptor different from the re- 
ceptor on parenchymal cells [5-8]. Asialofetuin does not 
inhibit galactose-mediated uptake by Kupffer cells [31]. Our 
finding that asialofetuin inhibits the hepatic uptake of Iac- 
tosylated IDU-Ol 2 -Ioaded NeoHDL, thus, provides cor- 
roborative evidence for uptake, of the particles by paren- 
chymal cells. Uptake of galactose- terminated lipoproteins 
by the two different hepatic galactose receptors depends on 
the spatial arrangement of the galactose residues on die 
particles, as well as on their size [6, 32-34]- The receptor on 
Kupffer cells can only bind and internalize ga lactase - 
terminated particles larger than 12 nm [6]. Lactosylated 
IDU-Ol 2 - loaded NeoHDL e luted from the Superose-6 
FPLC- column at the same position as native HDL (approx. 
10 nm). which indicates that the prodrug-loaded particles 
are probably small enough to avoid substantial uptake by 
the galactose receptor on Kupffer cells. 

Binding of lactosylated IE>U-Ol r loaded NeoHDL to the 
galactose receptors is followed by internalization and trans- 
port to the lysosomal compartment, where the particles are 
processed. The oleoyl residues in IDU-01 2 are attached to 
1DU via an ester bond. This esterase-sensitive linkage was 
chosen to ensure release of the original, pharmacologically 
active drug at the site of delivery 1 . The lysosomes contain a 
wide variety of hydrolytic enzymes, including esterases [35]. 
Upon in vitro incubation of lactosylated IDU-01 2 -loaded 
NeoHDL with a lysosomal extract, !DU-Ol 2 was succes- 
sively converted in the monoester and free IDU (M. K. 
Bijsterbosch, unpublished). It is anticipated that in vivo 
!DU-Ol 2 -loaded lactosylated NeoHDL is similarly pro- 
cessed after it is internalized and delivered to the lysosomal 
compartment. Nucleosides such as IDU can easily pass 
through lysosomal membranes f36]. Thus, after processing 
of 1DU-OL to IDU, the pharmacologically active IDU can 
become available to exert its action inside the cell. 

Using lactosylated NeoHDL as carrier to target lipophilic 
prodrugs to the galactose receptor on parenchymal liver 
cells affords a number of advantages over previously pub- 
lished carrier systems, such as (neo) glycoproteins and lac- 
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FIG. 6. Distribution patterns of radioactivity and marker enzymes over subcellular fractions of the liver after injection of 
lactosylated [ -H]IDU-01 2 ~loaded NeoHDL. Rats were injected with lactosylated [ 3 H]IDU-OL-loaded NeoHDL (250 ug of 
protein per kg body weight). Twenty min after injection, the liver was perfused with ice-cold 0*25 M sucrose > containing 10 
mM Tris-HCI buffer, pH 7.5, and divided into subcellular fractions by differential centrifugation, as described earlier [28). The 
fractions were assayed for radioactivity, protein, and the activity of marker enzymes [28]; recoveries were >91%. Blocks from 
left to right represent: nuclear (N), mitochondrial (M), lysosomal <L), microsomal (P), and supernatant (cytosol: S) fractions. 
The relative protein concentration is given on the abscissa. The ordinate represents the relative specific activity (% of total 
recovered activity divided by % of total recovered protein ). 



culation, the lipophilic prodrug is hidden in the lipid moi- 
ety (probably the apolar core) and, thus, protected from the 
biological environment. Furthermore, as the lipophilic pro- 
drugs are incorporated into the lipid moiety, high drug loads 
are possible without interfering with the receptor-mediated 
recognir.ion of die lactose residues present on die apopro- 
teins. 

In conclusion, we show that IDU can be targeted highly 
specifically to parenchymal. liver cells by incorporating its 
lipophilic prodrug into lactosylated NeoHDL, a particle 
that is recognized by galactose receptors on the target cell. 
These findings also have a wider significance, as the ap- 
proach followed here may also he used to deliver other 
water-soluble drugs selectively to parenchymal liver cells. 
This may lead to more effective therapy for infectious dis- 
eases such as hepatitis. 
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LeciUiin-cholesterol acyl transferase (LCAT) catalyzes 
the formation of cholesterol esters on high density li- 
poproteins (HDL) and plays a critical role in reverse 
cholesterol transport. Sphingomyelin, an important 
constituent of HDL, may regulate the activity of IXAT at 
any of the key steps of the. enzymatic reaction: binding 
of LCAT to the interface, activation by apo A-I, or inhi- 
bition at the catalytic site. In order to clarify the role of 
sphingomyelin in the regulation of the LCAT reaction 
and its effects on the structure of apolipoprotein A-I. we 
prepared reconstituted HDL (rHDL) containing egg 
phosphatidylcholine, cholesterol, apolipoprotein A-I, 
and up to 22 mot % sphingomyelin. Because the interfa- 
cial properties of substrate particles can dramatically 
aJTect LCAT binding and kinetics, we also prepared and 
analyzed pro teo liposome substrates having the same 
components as the rHDL, except for a 4 -fold higher ratio 
of phospholipid to apolipoprotein A-L The reaction ki- 
netics of LCAT with the rHDL particles revealed no 
significant change in the apparent V fnitv but showed a 
concentration-dependent increase in slope of the recip- 
rocal plots and in the apparent K in values with sphingo- 
myelin content. The dissociation constant (KJ for LCAT 
with these particles increased Im early with sphingomy- 
elin content up to 22 mol % : changing in parallel with the 
apparent K nj values. No structural changes of apoli- 
poprotein A-I were detected in the particles with in- 
creasing content of sphingomyelin, but fluorescence re- 
sults with lipophilic probes revealed that significant 
changes in the acyl chain, backbone, and head group 
regions of the lipid hi layer of the particles are intro- 
duced by the addition of sphingomyelin. On the other 
hand, the profeoliposeme substrates also had increased 
A' f/ values for LCAT at high sphingomyelin contents but 
compared with the rHDL particles had a 6-1 0-fold lower 
affinity for LCAT binding and exhibited kinetics consist- 
ent with competitive inhibition by sphingomyelin at the 
active site. These results show conclusively that the 
dominant mechanism for the inhibition of LCAT activity 
with rHDL particles by sphingomyelin is the impaired 
binding of the enzyme to the interface. The results also 
underscore the significant differences in the enzyme 
reaction kinetics with different substrate particles. 
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Lecithin-cholesterol acyl transferase (LCAT)' plays a critical 
role in the maintenance of cholesterol homeostasis. LCAT par- 
ticipates in the reverse cholesterol transport pathway, main- 
taining a gradient for the diffusion of free cholesterol from 
peripheral tissues into high density lipoproteins (HDL) by cat- 
alysing cholesterol ester (CE) forma; ion from HDL surface 
phosphatidylcholine (PC) and cholesterol. As a result of LCAT 
activity, cholesterol is removed from peripheral celt mem- 
branes and. as CE. is ultimately removed and metabolized by 
the liver. 

Several factors contribute to the maintenance of cellular 
cholesterol homeostasis, including the. activity of HMG-CoA 
reductase and acyl-C«A acyl transferase, which, are responsible 
for production and esteri Citation of intracellular cholesterol, 
respectively. In addition, the sphingomyelin (SPM) cot item; of 
the cell membrane is thought to contribute to the maintenance 
of cellular cholesterol homeostasis. The cholesterol content of 
the cell membranes is positively correlated with SPM content 
(1). Sphingomyelin is thought, to bind cholesterol with high 
affinity and inhibit its efflux from the plasma membrane by 
preventing cholesterol desorption (2): SPM also prevents the 
exchange of cholesterol between the plasma membrane and 
intracellular pools (3). Although its role in the regulation of 
cellular cholesterol homeostasis has become more clearly es- 
tablished, the role of SPM in the function of circulating lipopro- 
teins remains unclear. 

In the vasculature. LCAT encounters several potential sub- 
strate particles containing lipids (PC, cholesterol). LCAT activ- 
ity wit h these particles is determined primarily by their apoli- 
poprotein and lipid content and composition. Optimal 
substrates appear to be small HDL pur tides containing apoli- 
poprotein A-T fapoA-1) {A), the principal physiological activator 
of LCAT (5). whereas apolipoprotein B containing lipoproteins 
arc poor substrates (ft). The activity of LCAT with these li- 
poproteins is inversely proportional to the size of the low den- 
sity lipoproteins particles and is directly proportional to the 
PC/SPM ratio (7). The PC/SPM ratio correlates with LCAT 
activity on blond components: the PC/SPM ratio in HDL is 
higher (Mi. 5/1) than in low density lipoproteins {--?.. 8/1) or 
RBC membranes^- 1.2/1) (8). When SPM levels in HDL are 
increased. LCAT act ivity is reduced. Discoidal lymphatic HDL 
from humans (9) and dogs (10) are enriched in SPM and have 
low LCAT reactivity relative to their plasma counterparts. 
Furthermore, the apo A-I of discoidal human lymphatic HDL 



: The abbreviations used an:: LCAT. lecithin cholestcrot acyllrans- 
f erase; CE, cholesterol ester; PC. phosphatidylcholine: HDL. high den- 
sity lipoproteins: apo A-L apolipoprotein A-I: rHDL. rer.onsutmed KDL; 
SPM. sphingomyelin; DPPC- dipalmiioyl-PC; DMPC. dbnyrisfovi-PC: 
DPl-L i .fi-diplieiiyl-L3,5-hcxatrienc; TMA-DPW. l-f4-triniediyl-amii!0- 
nium phenyl) -6- phenyl 1 .3.:>-l)exatriene; PROOAN. 6-propinuyl-2- 
(di methyl ami on) naphthalene. 
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ha> an aliened epitope expression compared with discoid a 1 
rWDL particles, suggesting that the altered lipid composit ion or 
lymphat.it HDL promotes an apoA-T conformation thai: rnav 
render it incapable of activating LCAT (11). Clearly, structured 
and compositional differences oflymphatic HDL contribute to 
their lower reactivity with LCAT. The phospholipid content or 
HDL could dramatically alter LCAT activity by inter acting 
witli and changing the confonnation ofapoA-I, by changing the 
nature of the lipid interface, by inhibiting LCAT through com- 
pel it ion for substrate binding at the active site, or by a combi- 
nation of the above. It is possible that the presence of SPM in 
HDL alters LCAT reactivity by several of these mechanisms. 

In addition to its effects in native lipoproteins. SPM has been 
shown to be a poor matrix for the LCAT reaction with synthetic 
substrates, in fact, LCAT activity is lower with PC regardless 
of the acyl chain composition when the PC is presented in an 
SPM matrix compared with a fluid ether PC matrix (12). Re- 
search by Subbaiah and Liu (13) using proteoiiposome sub- 
strains and native lipoproteins suggests that: SPM competes 
with PC for binding to the active site of LCAT and tit us par- 
ticipates in the regulation of the LCAT reaction. Although 
proteohposomes are useful as substrates for LCAT in viim. 
they lack the defined apoA-I structures characteristic of discoi- 
dal reconstituted HDL (rHDL) and have very different struc- 
tures from native HDL. In order to clarify the role of SPM in 
tiie regulation of the LCAT reaction and its effects on the 
structure of apoA-J, we have prepared discuidal rHDL with egg 
PC. cholesterol, and apoA-i containing up to 22 mol % SPM. VVe 
have characterized ilie.se particles in lenns of prot ein structure 
and properties of the lipid components and the lipid-watcr 
int erface. We examined the structure of apoA-I and the binding 
affinity and reaction kinetics of LCAT with these particles. Our 
results suggest that in discorded rHDL particles SPM .intro- 
duces changes in the structure of the lipids, decreases the 
binding of LCAT to the substrate particles, and thus regulates 
the LCAT reaction. In contrast, prot eoliposrune substrates bind 
more weakly to LCAT and experience the regulatory effect of 
SPM not only at the binding step but also at the catalytic step. 

EXPERIMENTAL PROCEDURES 

Mxu-.vinte and Prepare! ioi is- --VUij nan LCAT was purified by methods 
described previously (M. 15). Its avern»c specific activity, using stand- 
ard r'HDL substrates, was around I Of) nmol CE/hi7>g LCAT.' and ii 
remained fully active over an 8 -month period. Hum. in apoA-I was 
prepared vising a modification of the method of Nichols Ci a/. (16). Egg 
PC, egg SPM. cholesterol, and sodium chut ate were obtained fmin 
Sigma. Radiolabeled |4- I4 C|choleslerol and 'Ti-laheied 
9. 1 f)- :i M]diptihnii.oylph<jsph£it:idyidud.int' f J H -DPPC) wer 
from DuPont NEN. 

Hie rHDL were prepared using the sodium choline dialysis method 
(i 7) in molar ratios of 80:8: i :S0. egg PC/(:Iu)lesteroi/apoA-I/cholai.c. or in 
ratios ranging from 74:(<i):8:l :8fUo 51:(i7);8:l:80 when prepared with 
SPM (given in parenthesis). Proteolipsome preparations contained 3)2: 
.1:1:9:1(5 molar ratios of egg PC/cholesterol/apoA-l/cholate, or ratios of 
27;>:(37):. r ):l.:!)3rj and 234:{7tf):5: ! :IJ3b' when containing SPM (in paren- 
thesis). Radiolabeled cholesterol (5,000 epm/nmol) was incorporated 
only into the par tide preparations thai were used for the determination 
of reaction kinetics with LCAT. Radiolabeled :i H-DPVC (20.UU0 cpm/ 
nmol of cholesterol) was included in the preparation of the standard 
subsume for the activity inhibition measurements (18). ClmLue was 
removed by exhaustive dialysis against. 0.1 M Tris-HCl. 0.0005% EDTA. 
0.1a NaCi. 1 him NaN.,. pl-fs.O butter ai '1 ! 'C. Diameters of rH DL wen: 
determined by nondennturing 8-25% pnlyacrylamide gradient tjel elec- 
trophoresis (Pharmacia PH AST gradient gci electrophoresis). Phos- 
phatidylcholine was separated from SPtv! and cholesterol by TLC {An- 
altech Analytical) using ehlorofnnn/methanol/amrnonia {V>~v.Z5A. v/v/v) 
and quantified using the method of Chen et at. (19). Protein content was 
determined from a bsorba nee at 280 nm using the percentage extinction 
coefficient for apoA-T, 11.5 X If? g~' cm 2 (20) and by die method "of 
t.owry ct rtl. (21). 

Egg PC/C or SPM/C vesicles were prepared in ratios of 10:1. phos- 
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pholipid/cholesterol. Preparations were dried down and dispersed in 10 
ml of standard buffer. The samples were sonicated on ice (egg PC) or at 
50 *C (SPM) until they cleared, ait e mating 3 min of sontcation with 

1- triin rest periods. The samples were cemrifuged at 15.000 rpm at 
15 X for 1 h. The phospholipid content of the supernatant (—5 nig/ml) 
was assessed by die method of Chen (19) and with a standard phospho- 
lipid assay kit (Wako Phospholipids 13). The vesicles were used imme- 
diately following the preparation. 

Activity Inhibition Assay for Determining the Binding of LCAT— 
LCAT affinity for the rHDL and proteoiiposome particles was assessed 
by the activity inhibition assay previously described (18). Briefly, the 
activity inhibition assay uses rHDL containing 3 H-DPPC as substrates 
for the LCAT reaction. When unlabeled rHDL or proteoliposumes an* 
present in the reaction mixture. LCAT equilihrain.s between labeled and 
unlabeled rHDL, and die total radiolabeled CE production is decreased. 
Linewcaver-Burke plots of reciprocal velocity versus reciprocal sub- 
strate apolipnproretn concentration give a family of tines thai are con- 
sistent with the pattern expected for competitive inhibition. Pints of the 
slopes of these lines versus the concentration of apoiipoprotcin in the 
competing rHDL give a straight line from which the K, {K if . the disso- 
ciation constant) for the competing rHDL can be obtained. The sub- 
strates used were the egg PC/choWi.erol/apoA-1 rHDL prepared as 
described above including :, H-DPPC. The LCAT read ion mixture con- 
sisted of rHDL or proteoliposumes with substrate apoA-1 contents rang- 
ing from 2.5 to 43 ;ig. 2 nig nf defatted bovine serum albumin, A mM 

2- meraiptoei.hanol, unlabeled test rHDL or prnteoliposornes with apo- 
iipoprotein contents ranging from 0 to =50 Mg. and standard buffer to 
0.45 ml of toud volume. When vesicles were analyzed for LCAT binding, 

9 Mg of substrate apoA-t were included, and vesicle phospholipid con- 
tents from 0 up to 0.S5 mg (egg PC) or 1.50 mg (SPM) were used as 
inhibitors: the remainder of t he reaction mixture was unchanged. The 
reaction mixtures were incubated ar 37 X f:;r 5 min, and 50 ,al of a 
suitable LCAT dilution were added to star: the reaction. The reaction 
proceeded ^0 min and was stopped by t he addition vA 5 mi of chloroform/ 
methanol (2:1. v/v). Labeled CE were separated from cholesterol and 
phospholipids by thin layer chromatography and were quamuaied bv 
scintillation counting as described previously \\A. 17). All experiments 
were performed in duplicate on two separate particle preparations. 

Enzymatic Reacrions—LCAT reactions witli rHDL or proteohpo- 
somes containing M- M C]cholesrerol were performed in standard buffer 
as reported previously {22). Reaction mixtures for kinetic analysis con- 
tain pd su bs irate a; ncen tr at i o ns ra i lgi n g f r oi n 1 x ] 0 " 7 m (2 . 8 /*g ) r o 3 x 

1 0 " : ' m (Pi 4 ,ug) a po A - 1 . 2 n > g o f d e fan f • d bo v i n e s c r u rr : a 1 i j u r 1 i i n , 4 in M 
^-mereaptoetlianob and ^O-oO tig of pure LCAT. Apparent kinetic; 
constants were obtained from Line weaver-Burke analysis of the data. 
Experiments on two separate preparatiuns were performed in dupli- 
cate, each giving similar results. A more detailed analysis of the effects 
of an interfacial inhibitor on the enzyme kint;iit:s was hased on the 
following expression derived by Verger ct til. {23) and applied by Jonas 
or a I. (2'\) to the inhibition of LCAT hv ether PC: 
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In this expression, v„ is (he initial velocity: /C r> ' is the in; 
lis-MenUtn cuusi.Hiit fin molecules/surfnce); / is the iimibit.or concunu o- 
Uon (in molecules/surface): K/ is the intrinsic inhibition constant: 5 is 
the interfacial substrate concent rat. tun (in nmiecules/surface): A*.. i( is the 
catalytic rate constant. E n is the total enzyme concernrai.ion {in mole- 
cuies'Volurue): K tJ is the. dissociation c.«n statu of the enzyme, rami the 
interface; and S„ is the bulk substrate concentration fin 
molecules/volume). 

According to this equation, in the presence ul'au interfacial inhibitor, 
reciprocal plots of r t( iw.susbuik PC concentration should give a family 
of straight linos with an increasing 1/t-;, intercept, i.e. decreasing ap- 
parent V„ wy values. The slope of the lines should be constant: if rV, 
remains the same. However, changes in K d would give increasing or 
decreasing slopes. 

Fluorescence ChoraaerizatJon and Circular Dirhroism- -The, lipid 
dynamics and hydration of the rHDL containing SPM were examined 
using fluorescent probes. The motions and polarity of the environment 
of the acyl chain, glycerol backbone, and head group regions were 
assessed using L3.S diphenylbexatriene (DPH), rrimcrhytarnmonium- 
DPH (TMA-DPH). and G-propionyI-2-dimet hylaminonaphthaleue 
(PRODAN). res|.)ectivf;iy. All Huorescetu lipophilic probes were obtained 
from Molecular Probes (Eugene. OH). Fluorescence measurements and 
analysis of the data were performed as described previously (^3). Cir- 
cular dichroism spectra were measured with a Jasco .]-72n"spectropo- 
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Table I 

Chawtei izittwn of (he rHDL parades 
rHDL panicles were prepared by the sodium cholale dialvsis method. 
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"PC was separated from SPM by TLC: (Ana! tech Analytical) using 
chloroform/methancl/ammonia (fi5:25:4, v/vA-J and quantified using the 
method of Chen or .'*/. (19). Cholesterol content from the initial phus- 
pholipid/cholesternl ratios. Protein content, from absorbance at 280 nm 
and extinction coefficient. The errors of measurement arc approxi- 
mately ±5%. A-.!, apolipoprutein A-l: C. cholesterol; PC. egg phosphati- 
dylcholine; SPM. egg sphingomyelin. 

'"■ r '' ,Jin nondenntunng gradient gel electrophoresis, relative to pro- 
tein standards: bovine serum albumin, iactm.e dehydrogenase, thvro- 
globuliu. and ferritin. Errors are t2 A. 

Estimated from ellipt icily at 222. nm from circular dichroism .spectra 
using the method of Chen ei al (26). Tin* errors of measurement are 
approximately ~5%. 

i ari me tor at 24 "C between 200 and 250 urn using 0.J mg/in! sample 
solutions and a I -mm path length cuvette. The n-lilical content of apo 
A-l in the rHDL. particles containing SPM was estimated from the 
molar elliplicities at. 222 nm using the method of Chen et a\. (26) as 
previously reported (27). Two separate fluorescence experiments were 
performed, each giving similar results. 

RESULTS 

ApnA-T has been shown to cm n hi no with a variety of phos- 
pholipids, including SPM. to form stable discoidal rHDL parti- 
cles (12. 28-31.1). '['able 1 summarizes the properties of rHDL 
particles pi epared in tins study; their size distribution is: shown 
in Fig. L The composition and size of the rHDL particles are 
consistent; with a discoidal morphology (31). The; moderate con - 
tent, of egg SPM, with saturated acyi chains (80% pnlmicoyl) 
(.32). does not appear to alter significantly the struct ure of 
apoA-L Circular dichroism spectra for ail of the rHDL in this 
series warn quite similar (data not shown) indicating thai the 
«• helical content of apoA-I changes very little, as shown on 
Table L It is clear that. rHDL particles with similar size and 
total lipid contents can he prepared with apoA-I. and mixtures 
ol egg PC and SPM. The proteohposome preparations had 
protein and lipid compositions very similar to those of the 
initial react ion mixtures and migrated on nondena luring gra- 
dient gel elect rophoresis as heterogeneous populat ions of par- 
ticles most having diameters greater than 180 A {data not: 
shown). 

LCAT reactivity with rHDL is highly dependent upon the 
phospholipid composit ion of the interface of the substrate par- 
tick:. SPM provides a poor matrix for the LCAT reaction when 
it: is present as 89% of the inl.erfacial phospholipid (12). To 
det ermine the effect of SPM incoiporafed into discoid*! rHDL 
or into pro tool iposurnes on the LCAT reaction, we used the two 
series ofsuhstrat.es containing H-^Cjchoiesfetol. Lint-weaver- 
Burke plots for the enzymatic reactions are shown in Pig. 2, 
The resulting kinetic parameters are summarized in Table IT. 
We found (Fig. IB) that increasing SPM content in the rHDL 
had a minimal effect on the apparent V max (appl/ li:i J of the 
LCAT react ion. The insignificant change in app V, nHX in this 
rHDL series suggests thai SPM competition with PC for the 
LCAT active site is minimal in these substrates. However, the 
increasing slopes of the Lineweave.r-Burko plots with SPM 
content, clearly indicate, by reference to the analysis of inter- 
facial enzyme inhibition of- Verger eV <t/. ('23) and the work of 
Jonas nf al (24), that the major effect is on the K u * KJK C .J:^ 
parameters. Because the K n * and the A' (: . 1( /: 0 parameters of the 
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Stokes Diameter (A) 

F\c, L Size distribution of rHDL prepared with apoA-L cho- 
lesterol, and mixtures of egg PC and egg SPM rHDL preparations 
were separated by 8-25% poiyacrylarnirie gradient gel electrophoresis, 
using Pharmacia Phast System. Bands wen: visualized by Coomassie 
staining. Gel bands were scanned with LKB U!tro5f;ari XL laser densi- 
tometer. Absorbance scales are arbitrary, and peak height: has been 
adjusted to give peaks of comparable height. Stokes diameter was 
calculated using protein markers with known Stones radii ai> stand- 
ards: bovine serum albumin, lactate dehydrogenase, horse ferritin, and 
thy rog tubulin. 

catalytic step are in effect constants, then K cj is the likely 
variable that allects the slope of the Li tie weaver- Burke plots 
shown in Fig. 2. 

The prnteoliposomc substrates had increasing slopes for the 
highest: SPM contents (Pig. 2. A) consist cm with increasing A'.,. 
However, the app F m;iN . values decreased with a tided SPM. sug- 
gesting competition of SPM for PC at the active site. These 
results are in complete agreement with those reported by Stib- 
baiah and Liu (L : i). The apparent kinetic constants are sum- 
marized in Table IT. In the absence of the SPM inhibitor, tin; 
'-WKuwx is 37''' kdgher fyr an rHDL than for a proteohposome 
substrate, and the app7C n (in terms of PC concentration) is 
4.4-fold lower for rHDL. giving an overall 5.2-fold greater cat- 
alytic, efficiency (app l- imiX /appVC m ) for the rHDL substrates. 
This is Lite first tjuant native comparison of these two widely 
used synthetic substrates for LCAT. 

To confirm that SPM increases the /{,.,• for the interaction of 
rHDL and proceoiiposomes with LCAT. we measured directly 
the LCAT binding affinity of a series of rHDL and proteolipo- 
some panicles without M C-cho]esterol using the. activity inhi- 
bition assay previously described (18). We found that the K^i'ov 
rHDL increased about 5-fold in a linear manner with increas- 
ing SPM. and (Lie K 4i for prnteoliposomes increased 2- fold (see 
Table II). Clearly, the presence of SPM in the particles de- 
creases LCAT affinity for the phospholipid interface. To deter- 
mine if the effect of SPM on LCAT binding affinity could be 
observed independently of apoA-L we prepared vesicles with 
cholesterol and either egg PC or SPM in a 1:10 molar ratio of 
cholesterol to phospholipid. The vesicles were used as test 
particles in competition with the standard LCAT substrate 
rHDL under the same conditions as the activity inhibition 
assay. As the amount of vesicle phospholipid increases. LCAT 
binds to the vesicle surface, and as a result, net production of 
radiolabeled cholesterol ester at the standard substrate surface 
decreases. Fig. 3 shows that the amount: of SPM vesicle phos- 
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a.UOO epm M- CJcnolcst.craL'nniol cholesterol. Two separate experiments on two preparations were performed in duplicate; each gave similar 
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Apparent kiruuic constants and dissociation constants (KJ for the reaction of LCAT with rHDL and pro! co liposomes containing sphingomyelin 
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"The dissodaiinn const nuts vyern rievermined by i.ht-i activhy inhibition method as described under ^lierimemaFp™^ usiu^vhe molar 

concentrations of apoA-J (A-0 ni- PC in the calculations. Average of two experiments. Errors shown on I-iyun; 3. 

*' Fne apparent kinetic ronseams were determined from Unewenver-Burkc: analysis of initial velocity versus molar PC fonceni.rations vising 
rHDL particles containing |4- ' 'Cjchotesteroi. Initial reaction velocities were measured a; 37 X in 10 niM Tris. 0.15 w NaCi. 0.01% HOT A, 1 him 
NaN :) . pH 8.0. The results are expressed in terms ofPC cuncrjnirar.ions. Two separate experiments were nerfonneri in cmnlirait-- each 
results. 

'rHDL particles described in Tabic I. 
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pholipid (0.2f> mg/ml) required to inhibit, the LCAT reaction by 
H0% was nearly 5 -fold higher than the amount of egg PC vesicle 
phospholipid (0.048 nig/ml) necessaiy for a similar inhibition. 
This result indicate;* that LCAT hi rids to the SPM/cholesterol 
vehicle surface in the absence of apoA-.l with less affinity than 
it. does to the egg PC/cholesterol vesicle surface. Because the 7v (/ 
for LCAT binding to Ok-; egg PC rHDL particles is 2.3 X 10"'* m 
or 0.0.18 mg/ml (Table I F) . it: follows that, the affinity of LCAT 
for- the rHDL is about 3 -fold greater than for the egg PC/ 
cholesterol vesicles. Table 11 also shows that: the affinity of 
LCAT for rHDL in the absence of SPM is 10-fokl greater titan 
f or corn pa cable pruteolip os o r n e s . 

To investigate the effects of the addition of SPM on the 
properties of the rHDL phospholipid phase, we examined the 
lipid dynamics and hydration of the surf ace of the rHDL par- 
ticles using lipophilic fluorescent probes. DPH fluorescence 
polarization reports on the fluidity of the acyl chain region of 
the rHDL panicles. Fig. 4 shows the temperature dependence 
oft.be polarization of DPH for the rHDL containing 22% SPM, 
1 1% SPM. and 0% SPM. DPH polarization increases with in- 
creasing SPM content in the rHDL. As shown in Fig. fr changes 
in TMA-DPH polarization with temperature indicate similar 
effects in the phospholipid backbone region, the region between 
the hydrophobic acyl chains, and the hydrophiltc head group 
region. The higher polarization values observed with both 
probes indicate that the mobility of the lipids is restricted and 



order is increased. 

The fluorescence of PROLAN whs used to probe the polarity 
of the phospholipid head group region. The fluorescence spectra 
of PRODAN are quite sensitive to the polarity of the probe 
environment (33. 34). Fig. fi shows the fluorescence intensity 
ratio for PRQDAN at 440/49(1 rim. The probe is in a more polar 
environment in the egg PC control rHDL compared with the 
rHDL containing SPM as indicated by the blue.- shift; that oc- 
curs with increased SPM content, in the rHDL. This suggests 
that the presence of SPM shields PRQDAN from water ~ mole- 
cules in the head group region. These changes are consistent; 
with decreased hydration of egg PC/SPM interfaces as a result; 
of altered phospholipid packing or hydrogen bonding of SPM t o 
cholesterol or to PC. which displaces water (35) and/or allows 
the probe to penet rate more deeply into the head group region. 

DISCUSSION 

Much of what is known about the regulation of LCAT activity 
with lipoprotein substrates has come from kinetic studies of 
LCAT with substrate analogs, such as pro ten liposomes or 
rHDL. Many factors have been shown to modulate IX AT ac- 
tivity in v,'7rowit;h these substrates. Among these are substrate 
size and morphology (disc versus sphere), phospholipid compo- 
sition (head group, acyl chain, and tin saturation), and apoii- 
poprotein composition and conformation (36). it: is clear that 
these factors are closely interrelated. As a consequence, exam- 
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1 .3 r< 1 to 3.2 mg/ml. 
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Fig. 4. EH eels of lenmenuure on DPH fluoreseenee poliiriza- 
I ion in rHDL containing SPM. 53. 22 mol % SPM rHDL: ®, I 1 mol % 
SPM ri lDL; A, 0 mol % SPM rHDL. DPH was added to rHDL. .samples 
(0.1 mg/uil npnA-I) in the ratio 300:1. phosphulipid/prtjhe (mol/mob\ 
Polarisation values were obtained using a 1SS GREG PC photon count- 
ing speclrophmomeier using the following parameters: excitation wave- 
length. .'iOn run; emission v^iveh;n»rh. A'M) nm; slit width, 8 run. Bach 
point is the average of fivr? measurements. Two separate experi tricots 
were performed giving similar resoles. 

ining (he.* effect of one of these parameters on LCAT activity 
while holding (.he others constant is a difficult; task; however. 
rHDL prepared by the sodium cholate flirilysts method have 
made possible detailed studies of the LCAT reaction with par- 
ticulate substrates of defined apoltpoprotein and phospholipid 
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FiQ 5. Lttecis of temperature on TMA-DPH nuorescence po- 
larizer inn in rHDL containing SPM S3. 22 met % SPM riiDL; ©, I ( 
moi % SPM rHDL: A. t) mol % SPM rHDL. TMA-DPH was added to 
rHDL samples (0.1 nig/ml apoA-1) in t he ratio 3011: 1 . phnsphylipid/prubii 
(mol/mol). Pol art ?.ei don valuup were obtained as described in the legend 
to Fig. *L except that an emission filter at 400 nm (Corning, KV3U1)) was 
vise*. I. Each paint is tin: average of five measurements. Two .separate 
experiments were performed giving simitar results. 
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FlG. 6. PRO DAN fluorescence intensity ratio at 440/41)0 nm in 
SPM containing rHDL as a function of temperature. £3. 22 mol % 

SPM rHDL; @ i 1 mtjl % SPM rHDL: A. 0 mal % SPM rHDL. PROD AN 
was added to rHDL samples (U.I mg/ml apoA-I) in the ratio 300:1. 
phnspholipid/probe (mol/mol). Experiments were performed as de- 
scribed previously (2b). Two scparao.: experiments wen* performed giv- 
ing similar results. 

compositions and sinrilar-.inorpholo^ics. 

The confonnation of apnA-L t he principal physiological acti- 
vator of LCAT. is one of the key detenninant s of LCAT act ivity. 
ApoA-I conformation is related to the stxe of the particle and 
i;he phospholipid composition and content, in terms of the 
number of «-hcl icesonol ecu I e, apoA-1 may adoj.it. a conforma- 
tion with six ; seven, or eight oT leiices. depend)? tg upon the 
amount, of lipid com pi ex ed with the protein. Bui not all con for- 
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illations* of apoA-I art; equally effective in activating LCAT; the 
form of apoA-I with six helical segments is a poor activator of 
LCAT (37). rHDL prepared with DPPC and cholesterol are 
good substrates for LCAT if the particles are 97 A in diameter. 
The same lipids, however, are 20- fold less reactive in particles 
thai are 1 8G A in diameter. Clearly, the amount of phospholipid 
comp lexer! with apoA-1 can profoundly influence LCAT activity 
through changes in apoA-1 conformation and in trifacial lipid 
properties. 

Gross changes in the con form at ion of apoA-I can be avoided 
by preparing rHDL panicles of nearly identical size and total 
phospholipid content . We have previously prepared a series of 
00 A diameter rHDL with apoA-I. cholesterol, and various 
mixtures of phospholipids to examine the effect of the interfa- 
r.ial lipid mixture on LCAT reactivity and binding affinity (18). 
In this study we prepared particles with apoA-I, cholesterol, 
and mixtures of egg PC and SPM, which are very similar in 
size. CD spectra for this rHDL series indicate that ail have 
similar apoA-T u-hciical contents. It is possible that subtle 
changes not detected by CD are introduced by the increased 
SPM content in the structure of apoA-J. which could alter its 
ability to activate LCAT. hut within the resolut ion of our spec- 
tral methods the apoA-1 structure appears identical for the 
series of rHDL panicles used in this study. 

We examined the reactivity of these rHDL panicles with 
LCAT to investigate the effect of SPM content in discoidal 
substrates with similar apoA-I structure on LCA*!' reaction 
kinetics. The reaction of LCAT with aggregated lipid sub- 
strates involves multiple steps: the association of LCAT with 
the lipid interface, followed by activation by apo'lipoproteins. 
binding of lipid suhstrate(s) to the active site, and subsequent 
catalytic events (36). Sphingomyelin could influence the initial 
binding step through altered phospholipid packing as a conse- 
quence of its backbone structure or acyl chain composition, or 
SPM could influence subsequent steps in the 'LCAT reaction by 
acting as a competitor with PC in (he LCAT phosphoiipase 
reaction or by sequestering cholest erol from LCAT on the rHDL, 
surface. The role(s) of SPM are reflected in the kinetic param- 
eters of I .he LCAT reaction. 

1 f S P M we re com pe ting wi t h P C in the a c t i ve s i t e of LC AT. 
significant changes would be expected in the app V„ ulK param- 
eter according to the Verger a. sh analysis (23). Such changes 
were observed by Subbaiah and Liu (13) with SPM and palrni- 
toyl oleoyl-PC diether inclusion in proteoliposome substrates. 
In this study we confirmed their results with SPM (see Fig. 2/1). 
Previously, we {24} had shown that DPPC diether incorporated 
into rHDL particles acts as an interfacial competitive inhibitor 
of LCAT with a K* comparable with K rfi l arid little change in 
A'',,.. Similarly, Masse y at ah (38) prepared rHDL substrates 
with various ratios of dioiyristoyi PC (DM PC) and DM PC 
diet Iter and observed that although the app/\' I;( did not change 
as a function of DM PC cont ent, the app K n ., x increased linearly 
with increasing DM PC. Pownall m ah (\2) demonstrated that 
the app V max increases with increasing sterol content. We ob- 
serve no change in app V m . ix with .increasing SPM content in the 
rHDL particles (Fig. 2/? and Table 11). suggesting that SPM is 
not; competing with PC at the active site of LCAT nor is it. 
sequestering cholesterol in tit is rHDL series as was observed 
for SPM in the proteoliposomes studied by Subbaiah and Liu 
(13). The qualitative difference between our results for rHDL 
arid those of Subbaiah and Liu (13) for proteoliposomes can be 
attributed to the different structure of the substrate panicles. 
The properties of phospholipid hi layers in liposomes depend 
upon liposome composition and curvature (39). Differences in 
the physical properties of liposomes arise from variations in 
phospholipid molecular packing with curvature of the liposome 



(39. 40). It is possible thai the highly curved surface of the 
proteoliposomes decreases the hydrogen bonding of SPM mol- 
ecules to ot her surface components and facilitates diffusion and 
binding to the active site, whereas the planar surface of the 
rHDL discs maximizes the intermolecular interactions of SPM. 
In addition. lipid phase separation of SPM or interactions with 
apoA-I are likely to be very different in the planar, protein- rich 
rHDL compared with the curved, relatively protein-poor 
proteoliposomes. 

We observe changes in the slopes of the Line weaver- Burke 
plots (Fig- 2) and app K jn with increasing SPM content, suggest- 
ing that SPM content alt ers the initial binding (if LCA'!' to the 
rHDL surface. The changes in appA' m parallel the relationship 
observed between SPM content and dissociation constant for 
LCAT determined with these particles. Thus, it appears that. 
SPM effects on the initial binding of LCAT are more important 
in discoidal substrates than SPM's role in sequestration or 
compet ition with molecular subst rates, hi the case of proteoli- 
posomes. we also demonstrate an effect of SPM on the binding 
of LCAT to the int erface. The effect s of SPM on the binding of 
LCAT to proteoliposomes are also apparent in the results of 
Subbaiah and Liu (13); however, these authors do not: address 
t he change in slope of their l/i;, versus 1/PC plot . Rather, they 
interpret-, the reversal of the effect of SPM on the activity of 
LCAT by sphingomyelinase treatment of the substrates, as an 
indication that the physical state of the lipid does not affect the 
erizymat.ie reaction. Because coram id e remains in the bilayer 
following the removal of the phosphocholine group, treatment, 
of the substrates by sphingomyelinase may not. affect the lipid 
order- and motions in the. acyl chain region. However, the effects 
of ceramide on the hydration and packing at the interface may 
be profound and opposite to those of SPM, considering die 
major differences that are known to exist between diaoylglvc- 
erols and corresponding pruisphatidyicholines (41). 

We provide strong evidence that the interfacial lipid struc- 
ture of the rHDL changes as a result of the addition of SPM. We 
observe significant changes in the fluorescence properties of 
probes in the acyl chain, backbone, and head group regions of 
the rHDL phospholipids containing increasing SPM. The 
change in DPH polarization is most likely due to the high 
content of saturated palmifoyl acyl chains (86%) in egg SPM 
{32). Saturated acyl chains restrict the mobility and increase 
the order of t he lipids and result in higher polarization values, 
as has been previously observed with DPH in rHDL prepared 
with DPPC or palmif oyl oieoyl-PC (29). 

The higher polarization values for TMA-DPH in rHDL with 
increasing SPM content, reflect the effects of SPM in the back- 
bone region of the bilayer. In PC. the backbone region includes 
carbons 1 . 2, and 3 of the glycerol backbone and the two ester 
bonds linking the acyl chains; PC has no capacity as a hydrogen 
bond donor. In SPM, however, this region includes the amide 
bond linking the palm i toy I acyl chain and the amino group on 
carbon 2, the hydroxy! group on carbon 3. and possibly the 
trans double bond found between carbons 4 and fi of sphingo- 
Siue (42). Both the amino and hydroxy! groups of spl lingosine 
have been suggested to part icipat e in intra- and intermolecular 
hydrogen bonding, which impart important hydrogen bonding 
potent ial to SPM that is not found in PC (1. 42). The structure 
of SPM in the backbone region affects the packing of the acyl 
chains below and the orientation of the PC head group above 
(43), facilitating close lipid packing and a more condensed lipid 
organization (44). Inter- and intramolecular hydrogen bonds, 
as well as a compact lipid organization, would increase the 
order and restrict the mobility of TMA-DPH and explain the 
higher fluorescence polarization observed when SPM is 
present. 
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The; iilToi:i.b or SPM on tlie head group region are also signif- 
icant.. The presence of SPM facilitates dose lipid packing and 
condensed organization of the head group region due to its 
hydrogen bonding capacity. The results of 31 P NMR in egg 
PC/SPM vesicles suggest that, intramolecular hydrogen bonds 
of SPM and close lipid packing may partially exclude water 
molecules from hydrating the phosphate group of PC, resulting 
in decreased hydration of the head group region (35). This 
would explain the relative blue shift of PRODAN fluorescence 
in rHDL with increased SPM content. 

During die revision of this paper a study by Rye ct ai (45) 
was published on the effects of SPM on the structure and 
function of spherical and discoidal r.HDLs. Rye and co-workers 
demonstrated that SPM affects the lipid order and packing in 
these particles, in close agreemeni. with our observations. They 
reported that SPM dues not influence neutral lipid transfers 
involving spherical rHDL and cholesterol ester transfer pro- 
tein; they also showed that SPM inhibits LCAT reaction with 
rHDL substrates. However. Rye m al. did not address the 
mechanism of LCAT inhibit ion by SPM, which is the main topic 
of this report . 

In summary, we rcpori that a SPM convent, up ro 22 mol % 
does not. alter the sixe of rHDL prepared with bulk egg PC. 
cholesterol, and apoA-L LCAT binding affinity decreases as 
rHDL SPM content increases. The inhibition of LCAT by SPM 
at the active site lias a minimal effect in the modulation of 
enzyme activity with these substrates. The results of our stud- 
ies with lipophilic probes suggest that: SPM significantly 
changes (he properties of the phospholipid interface a! the 
surface and also in the backbone and acyl chain regions. Fur- 
thermore, these changes in the surface properties of the rHDL 



correlate with decreased LCAT bindine a 
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The Influence of Sphingomyelin on the Structure and Function of 
Reconstituted High Density Lipoproteins* 
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Kerry-Anne Ryc*§, Neil J. HimeU, and Philip J. Barter? 
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The effect of sphingomyelin (SPM) on the structure 
and function of discoidal and spherical reconstituted 
high density lipoproteins {rHDL) has been studied. 
Three preparations of discoidal rHDL with t-pahmtoyl- 
2- ol eoy 1 phosphatidylcholine (POP C) /S PM /u n es t e ri fi ed 
cholesterol (UC)Zapolipoprotein (apo)A-l molar ratios of 
99.6/0.0/10.2/1.0, 8G.0/13.fi/J0.8/1.0, and 72.5/26.3/11.4/1.0 
were prepared by cholate dialysis. SPjM did not affect 
discoidal rHDL size or surface charge. Esteri fi cation of 
cholesterol by lecithin: cholesterol acylbransfera.se 
(LCAT) was inhibited in the SPM-containing discoidal 
rHDL. When the discoidal rHDL of PO.PC/SPM/UC/ 
apoA-T molar ratio 99.0/0 .0/1 0.2/1.0 were incubated with 
low density lipoproteins (LDL) and LCAT. SPM trans- 
ferred spontaneously from the LDL to the rHDL {t t/i = 0.8 
h) and spherical particles with a POPC/SPM/UC/CE/ 
apoA-J molar ratio of 24.6M.n/3.u/2*1.!V.L0 were formed. 
Depleting the spherical rHDL of SPM head groups by 
incubation with sphingomyelinase increased the nega- 
tive charge on the surface, but did not change their size. 
Cholesteryl ester transfer protein (CETP)-mcdiated 
transfers of chok:steryl esters and triglyceride between 
spherical rHDL and Intra hp id were not affected by SPM 
head group depletion. The ef fect of SPM on rHDL struc- 
ture was assessed spectroscopiealiy. SPM increased 
POPC acyl chain and ht^ad group packing in the discoi- 
dal rHDL. When the spherical rHDL were depleted of 
SPM head groups, POPC acyl chain packing order de- 
creased, but head group packing order was not affected. 
SPM inhibited the lip id-water inter facial hydration of 
discoidal rHDL. This parameter was not a flee ted when 
the spherical rHDL were depleted of SPM head groups. 
The SPM molecule and the SPM lie ad group, respec- 
tively, inhibited the unfolding of apoA-I in discoidal and 
spherical rHDL. It is concluded that (i) SPM influences 
the structure of discoidal and spherical rHDL. (n) SPM 
inhibits the LCAT reaction in discoidal rHDL. and (iii) 
the SPM head group does not affect CETP-mediated 
lipid transfers into or out of spherical rHDL. 



Sphingomyelin (SPM) 1 is a glycosphingolipid which is pre: 
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ent in cell membranes and plasma lipoproteins. For many 
years 5PM was thought only to maintain die structural integ- 
rity of membranes, but recent, studies have shown chat: it is also 
involved in a wide range of metabolic events (1. 2). The SPM 
molecule comprises a phosphorhotine bend group and a ceram- 
ide backbone with a sphingosine base and an a rn.icie- linked acyl 
chain. The ceramide backbone of SPM plays a regulatory role in 
cell growth, differentiation, and apoptosis (1. 2). Ceramide also 
modulates protein phosphorylation and has been implicated as 
a tumor-suppressor lipid (M). The influence of SPM on lipopro- 
tein metabolism is poorly understood, k lias been reported that 
the concent-ration of SPM in die artery wall increases with 
aging and that it comprises 70-80% of the phospholipids in 
atherosclerotic lesions (A). These: observations suggest that 
SPM may be involved in i:he development of atherosclerosis. 
The additional finding thai the SPM in atherosclerotic lesions 
is derived from plasma lipoproteins (A) em pi i a sizes the impor- 
tance of understanding how this molecule influences lipopro- 
tein met a bo I ism. 

At present little is known about the origin of SPM in lipopro- 
teins. SPM reportedly transfers from ceil membranes to pre-£L 
migrating high density lipoproteins (HDL) (5). SPM is aiso 
present, in discoidal, nascent HDL which an- secreted from the 
rat liver (Tj). However, it is not known whether the SPM. which 
enters the plasma compartment as a component of prt;-/3-mi- 
gral.iug HDL and nascent HDL. is subsequently incorporated 
into mature, spherical HDL. Similarly, little is known of the 
origins of SPM in low density lipoproteins (LDL) and very tow 
density lipoproteins. U has been reported that the lipoproteins 
in peripheral lymph are enriched in SPM relative to their 
plasma counterparts (7), suggesting thai SPM from cell mem- 
branes may be incorporated into lipoproteins before they enter 
the plasma compartment. 

Given lit at there are strong Van der VVaals interactions 
between SPM and unesterified cholesterol (UC) (8, 9) and that 
the concentrations of UC and SPM in membranes and lipopro- 
teins change in a coordinated manner (10), it follows that SPM 
may participate in the regulation of cholesterol transport and 
the maintenance of cell cholesterol homeostasis. Evidence for 
this comes from studies which show that, SPM regulates Che 
uptake and intracellular processing of LDL (1 1 , Hi). The. addi- 
tional finding that SPM-containing lipid/apolipoprotein com- 
plexes are excellent acceptors of cellular cholesterol (.13) sug- 
gests that SPM may also he involved in the initial, step of the 
reverse cholesierol transport process. Further support: for the 
involvement of SPM in reverse cholesterol transport comes 



leMeryl ester is): apu, apolipoproieiu: LCAT, lecithinxhutesterol aeyi- 
iransfe.ra.se; CETP. cholesteryl ester transfer protein: TBS. Tris- 
liuffered saline: TO. triglyceride: DPW. L6-diphenyl-L3,5-he.varrtene: 
TMA-DPH H'1 - tri me tiry Ian noon inn 'phenyl 

/Molucrie sulfonate; PRODAN. 6-pr(.ipionyl-Z-(iliMwthylaininb)-naph- 
thai one: GdnWCl, guanidine hydrochloride. 
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from the observation that Pit] cholesterol efflux from fibro- 
blasts to HDL increases if On: cells have been incubated with 
sphingomyelinase (iO). 

'fiie aim of the present suuiy is to better understand the 
influence of SPM on HDL met abolism. In order to overcome ihe 
problems of interpretation which may occur due to t he hetero- 
geneity of native HDL, the study has been carried out with well 
characterized preparations of discoidai and spherical reconsti- 
tuted HDL (rHDL) (14. 15). The results show that SPM influ- 
ences both the structure and function of rHDL. 

EXPER 1M KXTA i. PROC!* DUKES 
Isolation of HDL, LOL. find Apt its' po; no) t^iti (A/. v.*) A I ■ Plasma sam- 
ples fur die isolation or LDL T HDL and npoA-i were donated by die 
Transfusion Service. Royal Adelaide Hospital. LDL anil HDL were 
isolated in the 1.019 < d < 1.055 mid 1.07 < d < 1.21 g/ml density 
range, respectively (l(.i). ApoA-I was prepared by deiipidaUug HDL (17) 
anfi anion exchange chromatography of the resulting apnHDL on Q 
Sepharosc Fast Flow (PI inrmacia Biotech nnlugv AB. Uppsala. Sweden) 

( Preiwrfti ioi > of Discoidai rind Spheric; ti rHDL — UC. 1 - pa h nit oy 1 - 2- 
| oteoy) phosphatidylcholine (PUPC). egg yolk SPM. and sodium cholate 
\^were purchased from Sigma. Disci > k lal rHDL were prepared by I i it- 
"cholate dialysis method (19). Discs com raining SPM were pr«:pariul by 
drying POPC. SI'M and UC onio ihe. walls of glass test tubes, then 
proceeding as previously described (19). When the discoidai rHDL were 
used as substrates for the lecHhimcholesterol acyltransferase (LCAT) 
reaction. | :, H)UC (48 Ci/mmn}) (Ames-sham International. Buckingham- 
shire. UK) was added to the lipids before drying. The resulting panicles 
contained approximately 4S.000 rpnv'nmol UC. Lipid-frce npnA-i was 
nor present in die discnidal rHDL preparations as indeed bv uondena- 
turing gradient go! electrophoresis and staining W j'h Coo massif? Blue. 
Spherical rHDL were prepared by incubating discoidai rHDL with LDL 
and LCAT as described previously (20). Before use. all of the rHDL 
preparations were dialyy.ed extensively against 0.0 1 m Tris-buffered 
saline (TBS) (pH 7.-1) containing 0.15 M~NaCl. 0.005% fw/v) EDTA~Na 2 . 
and 0.006% (w/v) NaN :i . 

Purification of LCA 7 - -LCAT was isolated from 2 titers of human 
plasma (Transfusion Service, Royal Adelaide Hospital) by precipitation 
with ammonium sulfate and citric acid followed by ultr7.io;nrrifu»ation 
at a density of 1.2 a g/ml \Z\). The cj> 1.25 g/ml fraction was applied in 
an XK 50/60 column containing phenyl- St:pharose 6 Fast Flow (high 
substitution) (Pharmacia) which had been pi eequjlibrated with 3 m 
Na.Cl. LCAT was eluted fruni ihe column \vi::h Mill! Q water at a flow 
rate of 10 ml/mln. The- active reactions were pooled, dialyved against: 20 
m : \t Tris (pH 7.-1). and app!it:d to a preequilibrated XK HOMO column 
packed with DEAL! Si-pharose Fast Flow (Pharmacia). LCAT was 
eluted from the column with 20 ir.M Tris. 1 GO imm NaCi (pH 7.4) at a flow 
rate of !0 ml/mi n. and i.Iie active- fractions wore pooled. These snips 
were earned out a» room temperature on a test protein liquid chroma- 
tography system (Pharmacia). The purified LCAT appeared as a single 
band following eiecr.ruphr.M^.sis on a 2.0% homogeneous SDS-gei and 
staining with Coo mass it; Blue. Activity was assessed as described by 
Piran and Muhn (22) using [ ;t H]UC- labeled POPC/UC/apo:Vi discoidai 
rHDL as a substrate. The assay was linear if less than 'M\% of the 
| J HjUC was esterificd. The preparation used in this study generated 
227 nmo! of rhnlestery] esters (CEVm! LCAT/h. 

Purifies-) don of' Owl rs fay I Ester Trans for Prowl// (CETP) —CETV 
was prepared as described previously (2:0. Transfer activity was as- 
sessed as the transfer ot'pHlCF from j" :i H|CjE-HDL 3 to LDL (2<i, 25). The 
assay was linear if less than 30% of the i :, H?CE transferred from HDL-, 
to LDL. Activity is expressed in units, with } unit being the transfer 
activity of 1 ml of a preparation of pooied, human lipoprotcin-deficieni 
plasma. The preparation of CLI P used for this study had 6 units of 
activity/ml. 

/ / icu hat ions U t d e s s s t a t e r i o th e* \ " \v i s*. ; . ail incubations we re c a r r i e ri 

on* in stoppered plastic tubes in a shaking water bath maintained at 
37 "C. Nunincvibaied controls were stored at -1 a C Detaiis of individual 
inaibai ions are described in t*ne J eye i id to the figures. .Incubations with 
Sjiliin^otuye.h nn.se from BbcIHus cereus (Pjoehringer Mannheim) were 
carrier! out' fur ! h at 'M ~C using i.'i units of sph;ugomyelinase/mt> 
apnA-1 (26). As LDTA-Na^ inliibiis .spbinnoinyeJi-nase^Sfi)" the rHDL 
were dialy/.ed against TBS without BDTA-Na-^ before incubation. When 
the incuhatitins were complele i he rHDL were dinlv'Aod extensivelv 
against TBS with l.SDTA-Na :; . 

Utr. rHDL were isolated from inruhaiiou mixtures by uh i at:euiriiVi- 



galiofi at iOQ.OOfi qnn in the L07 < d < 1.2f) g-'mi density tange using 
a TLA- 100/; rotor or in ihe L063 < d < 1.25 g/ml density range using 
a TLA- 100.2 rotor. Two 16-h spins at the lower density and one lG-h 
spin at the higher density were performed. These procedures were 
carried out at 4 *C in a Beck man TL- 100 tabletop ultraccncrifuge. The 
rHDL were diaiyzed extensively against TBS before use. 

Electrophoresis - Agarose- gel electrophoresis was carried out as de- 
scribed previously (15). Eloctrophrirnric mobilities were ralcularcd by 
dividing elecuopboretic velocity (migration distance (jLim/time (s)) by 
the clectrophorctir potential (voltage (V)/length of gel (cm)) (27). Mobil- 
ities wen; corrected for pi- dependent retardation as follows (27). 
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Noj it leu a Hiring gradient gel electrophoresis 



35% gels (Grndt- 

pore. Sydiujy, Australia) was carried out as described previously (28). 

Spectroscopic Studies -Thc.se .studies were carried our with a Perkin- 
Hhuer LS-f)0 luminescence spectrometer fitted with a thermostat led 
cell ho I dor and polari/.ers. Sample' temperatures w»;iv cuntrnlleti by a 
I.audo HM6T recircvdniing water bath (Lauda-Kbnigshofen, Germany) 
and monitored with a digna! tempfralure probe (Bakt.-i Medical He- 
searrli Institute. Melbourne. Australia). 

Pat; king of rHDL phospholipid ln:ad gtoujj.^ and acyl chair is was 
nionitored by labeling with 1 -(^-riitneuwlanitnouiuiripbenylJ-G-plieiiyl- 
l,3.:Vhexatriene /xniuurn; sulfonate (fMA-t.^PH) and LG-dipbenyi- 
L3.:Vhc>:airicnc (DPI I), respectively {20. 3U). Polarity of rHDL lipid- 
waa*; interfadal regions was assessed wii.ti (i-propiijnyi-2- 
(diiiietbylarninoj-naplulialeue (PRO DAM) (31). in all cases the molar 
ratiu ofphospholipid/probc was aOO/i. and the phospholipid concentra- 
tion was O.a uiM. The labeling procedures and spectroscopic conditions 
are described in detail elsewhere 0 5). 

The unfolding of apoA-T was assessed from the wavelength of maxi- 
mum fluorescence of samples following incubation at 25 "C fur 0, a. 7. 
and 2-i h Willi 0-8 M guanidine hydrocliloride (Gdn]-|Cl). Data from the 
Z'UU lime points were used for the calculations des<:ribed below. All 
calculations are based on the assumption that the unfolding of apoA-1 is 
represented by a * wo - s ia t:e p r o ces s su c h that, at a g i v e t : time, t "n e o n i y 
Species present at significant; concentrations are either completely 
folded or completely unfolded (32). The central, linear region?; of the 
unfolding curves were used lor she calculations, ror a given concentra- 
tion of GdnHCl. the frariion of unfolded apoA-] was calcutatf;d as 



y 



wl'iere y /r y (r . and y represent iiie tespect.ive '.vavelengths o! maximum 
fluorescence in the folded, unfolded, and transit -inn siaies. 
The equilibrium const am (/-.) tor unfolding was calculated as 



1 1 - tv 

and the free energy change was calculated as 



fiifj. H) 



jiG- - ^71uK 



(Lt } . >\) 

where R is the gas constant (1.987 cal/dcgree/moi) and 7* is the absolute 
temperature (1 98.15 Kj, The concentration of GdnHCl at iiic midpoint 
of the d en a u: rati on cui^e was calculated from plots of AG" versus the 
concentration of GdnHCl using values of ACT between ™1.5 and -f l.ii 
kca!/mol. .'AG H , f ; . ihe conformational stability of apoA-i in the absence of 
GclnHCL was tie terminer.! fro in the following equation using the dena- 
turant binding mode? of unfolding described bv ! ? ace (32). 



AG 



;; -A./;/i'7bi(l k„) 



wltere A;; is flie difference in the number of binding sites between the 
folded and unfolded states, k is the equilibrium constant for binding at 
each site (0.6). and a. the activity of GdnHCT is calculated from die 
molarity (A'*} of GdnHCl as follows 

a~ 0.0761 (Mi ~ u\146StA'/r v ■! 0.02 '1 7f;i A ^ - O.i'.OlWM}" (Et). 0) 

Clicinicii /i/.v;A'.ve.S""-All assays were carried out on a Cobas Fara 
Centrifugal Analyser (Roche Diagnostics. Zurich. .Switzerland). Boeh- 
ringer Mannheim kits were used for phospholipid. UC, and total cho- 
lesterol assays. Esserified cholesterol concentrations were calculated as 
the difference between the total and UC concentrations. The concentra- 
lion of apu.A-1 was measured by an iuuuuuoiurhirlomet ric assay C3'.\). 
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Tahle I 

induct u:p of SPM on tftf pi tysiail properties of disaifcfal and sphtrrl&tl rHDL 
Discoidal rHDL were prepaied by chobtc dialysis. Spherical rHDL (SPM/apoA-I molar ntlio = 4.9/1) were 
i HDL (SPM/apoA-I molar ratio = 0/1) wish LDL and LCAT. The spherical rHDL were depleted of SPM headgr 
h with sphingomyelinase. These procedures are described under "Experimental Procedures.' 



piepared by incubating disco id a I 
mips by incubation a> 37 "C for : 



Sample 



Incubation conditions 



Sioichmmet.iV* 
POPC/SPM/lJDCt^HfxjA-l 



Eiccu ophfji etif mobility' 1 



Disc 

Disc 

Disc 

Sphere 

Sphere 

Apo A- 1 

Native HDL 



»Spi i ingoinveiiua.se 
- Sphingomyelinase 





tun 






P 


!J!).5/0.(1/I0.2/0.(I/L0 


332.9 ± 


0.2 


0.147 


z. 0.003 


86.0/ I3.fi/ 10. 8/0.0/ i.O 


332.fi 2 


0.2 


0.146 


± 0.003 


72.3/26.3/1 1 .4/0.0/1 .0 


332.7 - 


0.3 


0.143 


-.v. 0.003 


24.5/0.0/4.3/24.8/1.0 


332.8 ± 


0.8 


0.140 


± 0.003 


24.&M .9/3.6/24.9/1.0 


333.3 z 


1.0 


0.147 


± 0.002 




334.0 r. 


0.4 


0. 1 94 


± 0.003 



' /I' - CTW" 

-0.55 
~U.f>b 

-o.no 

-0.65 
-0.59 
-0.48 
-0.65 



^ Means nt triplicate deterrnman'ons which varied by less than 10% were used it> calculate concern rations of individual components. 
'YVavelength of maximum fluorescence. Values represent t;he mean ^ S.D. of four determinations. 
nni.nii.sic steady slate fluorescence polarization. Values represcn! the mean ~ S.D. of five determinations. 
rf Determined hy agarose gel electrophoresis as described under 'irAperimental Procedures." 
v p < 0.01 compared io other spherical rHDL. 
" p < 0.001 compared to all other values. 



SPM concentrations were determined as described by Bradiev ;d 

Statistical Afin{yst:s~-'V\\i\ -Students / lest, for paired samples whs 
used lo determine whether differences between values were significan:. 

RESULTS 

IS /'feci ot'SPM art t.hr Physical rind Spectroscopic P rope tries of 
Discoidal &nd Spherical rHDL (Pigs. I. 2, and 3. and Tabfr: 
//-—Discoidal rHDL containing apoA-J, UC ; and varying 
amounts uf PO.l'C and SPM were prepared as described under 
'Experimental Procedures." The resulting panicles had SPM/ 
apoA-1 molar ratios of 0/1.. 1 3.6/1 , and 26.3/1 . The correspond- 
i n g p 0 PC/a pn A - T in o 1 a ]■ ra I: i ns wo: re 9 SL6/1 . SO. 0/ 1. an 1 1 7 2 . 5/1 
(Table I). SPM had liule effect on rHDL size, with all the 
preparations containing a major population of panicles 10.(1 
run in diameter (Pig. 1). The discs with SPM/apo A-l molar 
ratios of 0/1 and 13.G/.1 also contained minor populations of 
larger panicles. 'Hit: larger particles were less appnrem in (lie 
rHDL which had an SPM/apo A-l molar ratio of 26.3/.!. 

When these discoidai rHDL preparations were incubated 
wit I] LDL and LCAT, the resulting spherical rHDL all had 
SPM/apoA-1 molar ratios of approximately 5/1 (result no( 
shown). This was consistent with SPM transferring spontane- 
ously between LDL and rHDL. The kinetics of the transfer of 
SPM from LDL to rHDL was investigated by incubating dis- 
coidal rj IDL with a POPC/SPM/UC/apoA -T molar ratio of 00. 67 
0.0/10.2/1.0 in the presence of LDL and LCAT for 0-24 h. The 
rHDL were then isolated by ultracentrifugation and rhe molar 
ratio of SPM/apo A -I was determined (Fig. 2). The SPM/apo A-l 
molar ratio increased rapidly during the first hour of incuba- 
tion. Equilibrium was a c h i e v e d between G and 12 \ i , w i i ,h a t.- y 
for the transfer of 0.8 h. After 24 n of incubation, the POPC/ 
SPM/UC/CE/apoA-I molar ratio of (lie spherical rHDL was 
24.0/4.9/3.6/24.0/1 .0. hi molar terms. SPM accounted for 17% of 
the phospholipid in the spherical rHDL (Table 0- 

VVhen the spherical rH DL. were depleted of SPM head groups 
by incubation with sphingomyelinase, the concentrations of the 
oilier constituents and the size of the panicles did not change 
(Pig. 1 and Table I). Tins was not the case for the SPM- 
ronvaining discoidal rHDL, which were converted quantita- 
tively to larger and smaller particles by incubation with sphin- 
gomyelinase (result not shown). These larger and smaller 
particles were not further characterized. 

Various spectroscopic techniques were used to assess tin: 
effect of SPM on rHDL structure. The discoidal and spherical 
rHDL had comparable wavelengths of maximum fluorescence 
(Table 1). This is consistent Willi the environment of apoA-i Trp 
residues not being affected by (i) the shape of t he rHDL. (ii) the 



c 




i'OPOSPM/UC/CHyapoA-] 
{mol/mol) 

- WJ.ri/o.o/bJj/o.o/1.0 

(Disc) 



8<j.(l/I3.fi/Hi.S/(Li>/.Lf) 
(Disc) 



72. 5/26 J/ 1 i. 4/0.0/ 1.0 
(Disc; 



24.5/0.0/4. 3/24.K/1.0 
(Spit ere) 



N 24.6/4.973.0724.9/1.0 

(Sphere) 



12.0 U.2 10.0 9.Z 

Stokes 5 Diameter (nm) 

Pit.;. I. influence of SPM on the si/.e of discoidal and spherical 
rHDL. Discoidat and spherical rHDL with varying aotouuis of SPM 
were prepared as described under "Experimental Procedures," eiecfro- 
p ho rosed on 3/35% polyacrylaimdis nnndenamring uradienl gels, <md 
stained with Cooniassie Blue C-250. Laser densitttmeirit: scaiis of the 
stained qels are showie 



presence of SPM in discoidal rHDL, or (iii) removal of SPM 
heart groups from spherical rHDL by incubation with sphingo- 
myelinase. 'Die wavelengths of maximum fluorescence for the 
apoA-I in the rHDL were blue-shifted relative to lip id -free 
apoA-L In other words, (lie apoA-I Trp residues in the rHDL 
are in a more hydrophobic environment than those in lipid-free 
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FiC. 2. Kinetics of Che; transfer of SPM from LDL to rMDL. 
Discoidal rHDL (SPM/apuA-I molar ratio - 0/!; final apoA-I concern ra- 
tion. 0.1 iiig.'ml) were incubated at ?,7 *C for 0, 1. 3. li. 12. or 2-1 h with 
LDL (turn! apoB concentration. L5 mg/ml) and LCAT (1.9 ml). The 
incubation mixtures also contained bovine serum albumin (final con- 
eentratton. 60 mg/m!) and fJ-mrrcnpiuerharml ((inn! cnnrerii ra: ion. '1.0 
mM). The final volume of t lie incubation mixtures was 5.0 ml. When the 
incubations were complete, the rHDL were isolated by u brace ntrifuga- 
tion in the 1.07 < d< i .25 g/m] density rane/*.. Concentrations or SPM 
and apoA-T were de nominee as described under "Experimental Proce- 
dures."" Mular ratios were calculated from means of triplicate determi- 
nations which varied by less rhan 10%. The values in the Figure repre- 
sent rhe mean of -wo separate experiment's. 



apoA-L Tliis is in agreement with what has been reported 
elsewhere (23. 3f>). 

'Hie local rotalional motions of the rMDL apoA-1 Trp residues 
were determined by steady state fluorescence polarization 
(Table Tj. Although the discoid;-*! rHDL polarization values 
decreased as the SPM com em of the particles increased, tint 
differences were not suit ist icdly significant. This is consistent, 
with SPM having lit tie effect on the load rotational root ions of 
the apoA-1 Trp residues in discoidal rMDL. The polarization of 
the spherical rHDL which contained SPM was comparable to 
that of the discoidal rH 01 .. suggesting that particle: shape does 
not affect the rotation of apnA-J Trp residues. However, the 
polarization decreased when the spherical rMDL were depleted 
of SPM head groups ip < 0.01). This is consistent with the SPM 
head group restricting the rotation of apoA-1 'ftp residues in 
spherical rMDL. In a!( cases the polarization of Hpid-associated 
apoA-I was significantly lower than that of lipid-frec apoA-J \p 
< 0.00 1). In other words, lipid association enhances local rota- 
tional motions of apoA-1 Trp residues. This confirms what has 
been reported previously {23. 3 a). 

The effect of SPM on rMDL surface charge was assessed by 
agarose gel electrophoresis. The elect: rophoret.it; mobilities of 
the discoid a I rMDL were intermediate between lipid free 
apnA-1 and no live HDL and were not affected by SPM f Table I). 
This demonstrates that the SPM molecule does not influence 
the surface charge of discoidal rMDL.. Hie spherical rHDL with 
intact SPM migrated slightly slower than native HDL, but: 
more rapidly than discoidal rMDL. Aft er incubation with sphin- 
gomyelinase, their elect top ho relic mobility increased and was 
indistinguishable from thai: of native HDL. This is consistent 
with the SPM head group decreasing the negative charge on 
the spit erica"! rMDL surface. 

The influence of SPM on phospholipid acyl chain packing 
order was assessed from the polarization of DPH-labcled spher- 
ical and discoidal rHDL (Fig. 3/1). The SPM molecule increased 
discoidal rHDL acyl chain packing order as evidenced by the 
increase in polarization values with increasing SPM/apoA-I 




Temperature (°C) 



Fig. T Influence of SPM on the structure of discoidal and 
spherical r H D L . O i s i d a 1 r H D L wit h S PM/a p o A - ! mol n r r a • i n s 0 f u/ 1 
(BO, KLG/1 (Q), and 2G.3/I (♦) and spherical rHDL with SPM/apoA-I 
molar rati as of 0/1 (O) and A. IV) {&) were labeled with DPH i Pane's A). 
TMA-DPH [Rand &. and PPODAN (Panel Q. Steady state fluores- 
cence polarization of the OP1-L and TMA-DPFMaheled samples and t he 
wavelength of maximum fluorescence of vbe F v RO DAN- labeled samples 
are shown. Values represent die mean of at least three determinations. 
Experimental errors for the polarization values are r:0.003 and 1' 1.0 
rim for the wavelength of maximum fluorescence. 



molar ratios. The polarization of t he spherical rMDL which had 
been incubated with sphingomyelinase {open circles) was 
slightly lower than that of the spherical rMDL which had been 
incubated with TBS {closed circles). This is consistent with the 
SPM head group having a minor ordering effect on spherical 
rHDL phospholipid acyl chains. The additional finding that 
so h erica! rMDL have higher polarization values than discoidal 
rHDL demonstrates thai, phospholipid acy! chains are more 
ordered in spheres than in discs. This is in agreement with 
what, has been reported by Jonas cr al (35). 

Phospholipid head group pack it ig order was assessed from 
the polarization of TMA-DPH- labeled discoidal and spherical 
rHDL (Fig. 'AB). The order of the discoidal rHDL phospholipid 
head groups increased as the SPM/apoA-I molar ratio in- 
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creased from 0/! [chstHi squares) to 13.G/1 {open squares) 10 
26.3/1 (diamonds). The values for the spherical rHDL with 
(closed circles) ami without (open circles) SPM head gmups 
were comparable. Hie additional rinding thai spherical rHDL 
have more ordered phospholipid head groups than discoidal 
rHDL con firms what has been reported elsewhere (35). 

The rHDL were also labeled with PROD AN, a polarity sen- 
sitive fluorescent probe (Pig. 3Q. The wavelength or maximum 
fluorescence of the discoidal rHDL increased rapidly at tem- 
peratures above 25 *C. 'Die increase was greatest for the discs 
without SPM (SPM/apoA-i molar ratio = 0/1) [dosed squares), 
intermediate when the SPM/apoA-f molar ratio was 13.6/1 
(open squares) and least when the SPM/apoA-1 molar ratio was 
26.3/1 {diamonds). In oilier words. SPM inhibits the hydration 
of discoidal rHDL Hpid-water inter! acial regions. The wave- 
length of maximum fluorescence of PRODAN in the spherical 
rHDL was comparable after incubation in the presence (open 
circles) and absence (dosed circles) of sphingomyelinase. This 
demonstrates that SPM head groups do not influence the hy- 
dration of the spherical rHDL lipirl-water interface. As the 
increase in the wavelength of ma.xirm.im fluorescence of the 
spherical rHDL was small, it seems that the lipid- water inter- 
face of these particles is resistant to hydration. 

Effect of SPM on die Unfolding and Con formal iona I Si ability 
ot'ApoAd in rHDL (Figs. 4 and 5, and Table /(/—The influence 
of SPM on tl'ie unfolding of apoA-I was assessed by incubating 
aliquot s of discoidal and spherical rHDL for varying times with 
increasing concentrations of GrinHCi. The wavelength of max- 
imum fluorescence of apnA-I was determined at 0, 2, f>, 7. and 
2 A h. For clarity, only the values for 0 (squares), 2 {closed 
circles), and 2A h (open circles) are shown (Fig. 4). Panels A. 8. 
and C respectively, show the results for discoidal rHDL with 
SPM/apoA-1 molar ratios oi'0/L I 3.6/1, and 2(>.3/.l. 'Die results 
for spherical rHDL with SPM/npoA-l molar ratios of 0/1 and 
4.9/1 are in Panels O and /;';. respectively. The unfolding of 
lipid -free apoA-I is shown in Pane J F. 

Lipid-free apoA-.I unfolded rapidly and completely, as evi- 
denced by the eomparabie wavelengths of maximum fluores- 
cence at 0, 2, and 24 h (Fig. AF). The wavelengths of maximum 
fluorescence for the discoidal and spherical rHDL (Fi». 4. A t) 
were blue-shift ed at (1 and 'I h relative to 2 A h. confirmiriw i.hat 
unfolding of apoA-1 is inhibited by lipid association (23. 35). 
Pig. 5 shows the kinetics of the unfolding of apoA-1 at ^.5 m 
GdnHCl. The apnA-I in t;he split? ri rial rHDL which had been 
incubated with sphingomyelinase (dosed circles) unfolded more 
rapidly than the apnA-I in t he spherical rHDL which had been 
incubated with TBS (open circles). '.Die rate of unfolding of 
apoA-T in discoidal rHDL decreased as the molar ratio of SPM/ 
apoA-.l increased from 0/1 [open squares) to i 3.(3/1 (dosed dia- 
monds) to 20.3/1 (open diamonds}. Taken together these re- 
sults suggest thai, the SPM heat! group may be partly 
responsible for inhibiting the unfolding of apoA-1 in discoidal 
rHDL. it should also be noted that, irrespective of the, SPM 
content of the panicles, t he apoA-I in spherical rHDL unfolds 
more: rapidly than the apoA-1 in discoidal rHDL. 

The influence of SPM on apnA-I stability was assessed from 
the concentration of GdnHCl required for 50% unfolding of 
apoA-1 ([GdnHCljyJ. Values for f GdnHCl];/, were detent lined 
directly Iron'! the 2 A -h denaturatkm curves in Fig. A and calcu- 
lated as described under "Experimental Procedures/ The re- 
sults in Table J I show good agreement between the two ap- 
proaches. IGdn-HClj^ for lipid-free apoA-i was 1.0 \t 
confirming what lias been reported elsewhere [GdnHCl |^ 
for the tliscoidalVHOL increased with the molar ratio of SPM/ 
apoA-1, suggesting that the stability of apnA-1 is enhanced by 
(he SPM molecule. When the spherical rHDL were incubated 




Pic. '1. influence of SPM on the GdnllCi-medinteri unfolding of 
apoA-T in discoidal and spherical rHDL. Discoidal and spherical 
rHDL and lipid-free apoA-1 were iiiciihamd with ina -oasiujj; ennccntra- 
rinn.s nf OrinllCl fur 0 O, 2 (©). nod 2 A (O) h as described uvn\r.r 
"ExporiiiiontHl Procedures." Results for ciiscoidai rHDL vvKh SI-M/ 
apnA-T i no la r r a t i os n f 0 / i . ! 3 A \i \ . n u d 1 B . V, ! arc slcwn i n P.mols A , B, 
and C n^»pt:c.(.iv(.*ly. Resells I»r spherical rHDL with SPM/apoAf nmiar 
r » i i os o f 0/.i and Al)!\ a ;:h o'.v n i n Faiia !s O a i id P. re.sp i:c i i vv. 1 y . T ! i e 
dara in Panel F represent-: lipid-frec apuA-3. Each dava pi.iini reprcsBiics 
hie 1 1 tea a ui i.rini irate dclcrminauoos. Lxpcru; !i:m al crmrs for die 
wa vtrl ( *.i :v.\ i 5 of i vsa :< j run u i flu ( >rr.,va: n a: a re rr • . 0 u 1 1 1 . 




Time (h) 

FiG. a. Influence of SPM on the kinet ics of unfolding of apoA-1 
in discoidal and spherical rHDL. Discoidal rHDL with SPM/apoA-1 
muter r -niios of 0/1 O). 13.G/I (♦). and 26.3/1 (0), spherical rHDL with 
SPM/apoA-T malar ratios of 0/1 (©) and 4.9/1 (O) and lipid-fra; apuA-1 
m) wore incubated for ti-ZA h with 2.5 v- GdnHCl. Values for c hi; 
wavelength of nu'ixiinum nunrcsi;c: ire i'q>rcsi:nt On- ;;u:ar< of t.riplican: 
dci.onni nations. Experini;:n(aJ ;.;T rars ai'e ± i .0 nm. 

with .Si)iiinL;oinyeljn;.ise. [Gdnf-lClj w : was not effected. Jn other 
words. SPM heiid groups do not influence the .stability of apoA-.l 
in splKiricril rHDL. Altliouyh {GdnHCl j v> increased when the 
apoA-1 was associated with lipid, tins change docs nut neces- 
sarily translate into an increase* in (.ho stability ofapoA-L Pnr 
eA'aiupic. although ICdnl-lClb/, for arioA-T in spherical rMDL is 
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Tabus II 

Mh:i:t ufSI'M on dtr vonfonmuUftml stability of xpoAd in discmdai rUDL. sphvriad rllDL. mid lipid lire <*puA / 
Lipid-rrcii apo A-l and discoidai and spherical rHDL were incubated for 24 h at 25 X with varying concentrations of GdnMCl as descr ibed under 
experimental Procedures." 



SPM/apoA-I 



(GdnHCH,, 



IGdnHCIJ,, 



-TjO 



Disc 

Disc 

Disc 

Sphere 

Sphere 

LipidTree apoA-I 



mot/mol 
0/1 
13.6/1 
26.3/1 
0/1 



t.S 
2.1 
2.7 
1.5 
1.8 
1.0 



2.(1 
2.2 
2.7 
l.G 
1.8 
1.0 



kcitl<':nol 
1.6 
1.3 
1.7 
•1.0 
3.5 
3.7 



6.5 
4.4 
4.9 
!7.7 
13.9 
22.6 



' Concentration of GdnllC! inquired to achieve 



t . > unfolding of apoA-i. Determined directly from Fig. >\. 

'Concern ration of GdnMCl required to achieve 50% unfolding of apoA-i. Calculated from the linear region nfthe 24 -h curve in Pie. A 
under "Lvperi mental Procedures." 



as described 



' Conformational stability of apoA-1. Calculated as described under "Experimental Procedures.' 
'•Difference in the number of GihiHCl binding siles on npoA-I in (be folded and unfolded states. Calculated as described under "Exuerimental 
Procedures. 



1 : t ; f 



j w 



o ■ 



greater than that, of lipid-free apoA-I. the two prepat aliens 
have similar conformational stabilises (AC^ 0 ). In addition, 
although i\G' H?0 for discoidal rHDL is lower than t hat of lipid- 
free apoA-I, (GdnHClj^ is higher. Those discrepancies, which 
have also been reported by Sparks ei al (30) and Davidson e.i a!. 
(13L highlight tin: fact that IGdnHCIJ is influenced by the 
number of GdnMCl binding sites on apoA-I (A/)) and thai, this 
number depends on whether the protein is associated with 
lipid. 

Influence of SPM' on rf;e Livid Transfers Mediated by CP TP 
fF.it-. 6} To determine whether SPM influences CETP- medi- 
ated transfers of CE and triglyceride (TQ. spherical rHDL 
were preincuhatcd with TBS (Fig. 6, open symbols) or sphingo- 
myelinase (closer! syt nboJs) . re i so 1 a ted by u J v race 1 1 1 :r i ft iga t.i on , 
then incubated with CETP and Intralipid for 0~?A h. Panels A 
and ill respectively, show the concentrations of CE and TC in 
the rHDL. Pane! C shows the total core lipid concent ration (CE 
v TG) of tlie rMDJ... CETP mediated the transfer of CE from 
rl-IDL to Intra lip id as evidenced by the tii tie-dependent de- 
crease in the concentration of rHDL CE [Peine] A). The concen- 
tration of rl-IDL TG increased during the first 3 h of incubation 
and decreased thereafter, as reported previously {'/-?>} (Panel B). 
The nor result of these transfers was a progressive decrease .in 
the concentration of rHDL core lipids {PsncI Q. During tlie 
incubat ion the diameter of the rHDL decreased from S.6 to 8.0 
inn, and lipid-free apoA-I dissociated from the particles (results 
not shown). The reduction in rHDL size and dissociation of 
apoA-L which have been described elsewhere (23), were nut 
influenced by preincubation with spfiingomyelina.se. 

Influence ofSP/v! on the LCA T Rcacrion (Fig. 77— Aliquot* of 
discoidal rHDL with POPC/SPM/UC/apoA-f "molar ratios of 
97.7/0.0/9. (VI. 0 and 69.S/26.2/SL8/L0 were incubated with pu- 
rified LCAT for 5, 10, 15, 20, and 30 nun. The nanomoles of CE 
gen era t ed i n t h e d i sco i da 1 r H D L \vi th (Pig. 7 . open syt nbols) a nd 
w i 1.1 1 out S P M ( closed symbols) is shown. At each time point 
lite re was less cholesterol esterificafinn in tlie SPM-containing 
rHDL. This confirms what has been reported elsewhere (20). 
Comparable results were obtained when the experiment was 
repeated using discoidal rHDL with SPM/apoA-I molar ratios 
of 0/1 and 26/1 and UC/apoA-1 molar ratios of 2/1, -1/1. and 0/1 
(results not shown). 

DISCUSSION 

SPM. a glycosphingolipid consisting of a eeramide backbone 
and phosphochohne head group, is present in most cell mem- 
branes. SPM is transported in the plasma as a component of 
lipoproteins, but its impact: on lipoprotein metabolism, and on 
HDL metabolism in particular, is poorly understood. This issue- 
is addressed in the present study. Specifically we have, deter- 



mined how the SPM molecule and its head group influence tlie 
structure and funct ion of discoidal and spherical rHDL. 

To assess the influence of the SPM head group on rHDL 
metabolism, the rHDL were incubated with sphingomyelinase. 
Inteipretai ion of these studies was dependent on sphingomy- 
elinase affecting neither rHDL. size nor the concentrations of 
other rHDL constituents. This was achieved for spherical 
rHDL (Pig. 1 and Table I). The discoidal rHDL. by contrast, 
were converted into larger and smaller panicles during incu- 
bation with sphingomyelinase (data nut shown). This is not: 
consistent with what has been reported by Subbaiah and Lui 
(20), who found that (lit: size of discoidal rHDL was not affected 
by incubation with sphingomyelinase. Given that the rHDL 
described by Subbaiah and Lui contained egg PC. as opposed to 
POPC in tlie present studies, it is possible that this discrepancy 
may be due to the structural differences between tlie two phos- 
pholipids. As egg PC has a higher proportion of unsaturated 
acyl chains than POPC (37). it follows thai egg PC-containing 
discoidal r I - 1 D L w i 1 ! have i e s ; s «. j i 1 e r e d phospholipid acyl c h a i n s 
and more hydrated interfacial regions than POPC-containing 
discoidal rHDL (38). Given that electrostatic repulsions be- 
tween phospholipid head groups decrease as hydration of lipid 
bi layers increase's (39), it is possible thai. rHDL which contain 
eg g P C tii ay lie more stable, and resistant to s i zc c h a n g es , than 
rHDL which contain POPC. Regardless of tlie mechanism, the 
fact that sphingotnyeliMa.se altered the size of the POPC-eon- 
taining discoidal rHDL precluded iuvestigai ion of the influence 
of SPM head groups on their st ruct ure. 

The problem of sphingonryelinase-mediated changes to the 
size of discoidal rHDL was circumvented by invest igating die 
influence of the entire SPM molecule on their structure and 
function. To this ond discoidal rHDL were prepared with a 
range of concentrations of SPM. The phospboiipid/apoA-1 molar 
ratio in these rHDL was maintained at approximately 100/1 by 
appropriate reduct ions in the concentration of POPC (Table !). 
The rHDL size was not affected as tlie SPM/POPC molar ratio 
increased from 0/1 to 0.-1/1 (Fig. 1). Tins diHers from what has 
been reported by Subbaiah and Lui (26), who found that tlie 
diameter of discoidal rHDL with egg PC increased from 10.0 to 
] 6.8 nm when the SPM/egg PC molar ratio increased from 0/1 
to O.bVl . This discrepancy can he explained if il l e concentration 
of egg PC was not decreased when SPM was introduced into the 
rHDL. Under these circumstances the phospholipii.I/apoA-1 mo- 
lar ratio of the rHDL would increase and the particles would 
increase in size (40). h is also possible that the increase in 
rHDL size was due to the somewhat disordered egg PC acyl 
chains being unable to accommodate the asymmetric SPM mol- 
ecule. Under these circumstances the .rHDL may undergo a 
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t 7 K;.. (j. Influence nf SPM on the CETP-mediated iransHcr of 
core Lipids between spherical rHDL and Jutralipid. Spherical 
rHDL were incubated with sphingniiiyehaase or TBS and reisolaied by 
uhraceutTifugauon as d;.-.s:;ribed under "Experimental Procedures.* 
Their composition is shown in Table L They were: then men'oatou with 
TBS, TixS and Intra lipid, or TBS, haralipki. and CETp for Q. 1. 3. G. '12. 
or 24 h. The final c.oni:eni iraum is of rf-iDl.. CE and lutralipid TG lit 
p re sen;) in the in cu b a i. i o n mi xt un:>: \vt : r e 0 . 1 and 3.9 m m a 1 /I i 1 e r , res p t: i > 
lively. The fina! activity of CETP (if p: eseni.) was 2.6 units/nil. The final 
volume of i.he incubation mi xi a res was 2.0 ml. When the incubations 
were complete, the rHDL. were isolated by ultxacentrif ligation in the 
1.063 < d < \ .25 g/ml density range as described under "Expt:riiTK;nr;.i! 
Procedures." Concentrations of rMOL CE [Psnd A). rMDLTG {Panci B). 
and rHDL. CE + TG [Pans! C) are shown. Values in Panels A and /? 
rep res e n v I h e m ea n o f t ri p ii c o t.r d c: i e r n i 3 n a i i t i n s wl i c h v a r i ed b v 1 ( 1% o r 
less. 



structural reorganization to form larger, more stable particles. 

The polarisation results in Fig. show that: SPM increases 
the packing order of phospholipid any] chains and head groups 
in discoidal rHDL. This is probably because the SPM interfa- 
eial region contains a G4 — C5 rrans double bond which lias been 
reponed vo increase acyl chain packing order (4). The results in 
Fig. 3 also show vital the SPM head group has a slight ordering 
effect on the acyl chains in spherical i'I-IDL. When these results 
arc taken together it is tempting to speculate that die SPM 
head group is partly responsible for increasing the acyl chain 
packing order in discoidal rHDL. However, this is not. neces- 
sarily the case as DPI I partitions differently in discoidal and 
spherical rHDL,. In spherical HDL, DPH is located at the in- 
terface of the phospholipid acyl chains and neutral lipid core 
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0.00 
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Pic. 7. Influence of SPM on the LCAT reaction in discoidal 
rHDL,. Discoidal rHDL with POPC/SPM/UC/apoA-I miliar ratios of 
D7.//0.O.UG/1.O find fi9.8/26.2/!i.8/L0 were prepared by cliolntc dialysis. 
Both preparations were radiolabeled with f'HjUC as described under 
"Experiinonuil Procedures." Aliquot* of each preparation which con- 
tained 3.2f) uniol UC were: incubated at 37 "C for fi. SO. 1 X 20, or 30 min 
with purified (.CAT. Esi eriiication of ;;ho!esl.erol in die rHDL. with (O) 
and without (&) SPM :s sliown. Tiio data points represent the mean 
S . D . e' triplicate deternii nations. ' p < 0.05. ■" p < f 3 . 005 

f^l). Tn discoidal rHDL, DPH tntercaiat.es between phospho- 
lipid acyl chains ('12). 

The results of the PRODAN studies (Fig. 3Q sliow tliat 
neither the SPM ronlectde nor its head group afl'ect the hydra- 
tion of ri-IDL lipid-water interfaeial regions at temperatures 
'less than 2f> "C. This is in agreenteut with the report nf Jonas 
v( si. (35). Al.iove 25 "C. by contrast., there is a pronounced 
increase in discoidal rHDL iipid-watt;r interfaeial hydration 
which becomes less apparent as the concentration of SPiv! 
i n c r c a s es . Tl i i s s u g g e si s t h a t S 1 :i M : i o i i 1 1 1 e a cces.s ni' w a i e r t o 
the discoidal rHDL lipid-water interface and is consistent: with 
the observation thai: SPM-containing lipid bi layers have a low 
permeability 10 water ('13). The additional rinding, thar above 
25 "C. spherical rHDL have less hydrated lipid-water inter- 
faces i liau discoidal rHDL, suggests (hat access of water to the 
.surface of spherical rHDL is restricted. This may occur if a 
proportion of the phospholipid head groups on the surface of 
spherical rHDL is masked by apoA-L Finally, as incuhstion of 
spherical rHDL with sphingomyelinase (iocs not affect the 
wavelength of maximum fluorescence of PRODAN. it. follows 
that, the SPM head group does not influence the interfaeial 
hydration of these part icles. 

One of the roost unexpected findings to emerge from r.hc 
present study is that SPM transfers rapidly and spontaneously 
between LDL and rHDL with a h k -■ 0.8 h. The for the 
spontaneous transfer of phosphatidylcholine mass between dis- 
coidal rHDL arid LJ*)L. by contrast, ranges from 5.H to 0.9 It 
(4-1). This marked difference in ha If- times probably reflects 
structural differences between SPM and phosphatidylcholine. 
The interfaeial region of SPM is polar and contains a trains 
double bond, a fret; hydroxy! group, and an amide bond (4). This 
region interacts strongly with water and is probably responsi- 
ble for the rapid transfer of SPM. The corresponding region of 
phosphatidylcholine, by contrast, comprises a glycerol back- 
bone and possibly the carbonyl portion of the ester bonds. 
These regions neither interact with water nor facilitate the 
spontaneous transfer of phosphatidylcholines. 

A primary aim of the present study was to determine how 
SPM influences the metabolism of HDL. The finding (fiat SPM 
inhibits the LCA'J '-media led est erifi cation of UC in rltscoidal 
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i-HDL (Kig. 7) confirms what has been reported elsewhere (26). 
Hi is reduction in cholesterol RsrcrificaLion has been attributed 
to compel icion between SPM and phospholipids for binding to 
the active site of LCAT (2G). Our results also show that CETP- 
mediaied transfer of CE and TG bet ween spherical rHDL and 
Intralipid are not affected when the rHDL. are depleted of SPM 
head groups (Fig. C>). As CETP reportedly binds to phospholipid 
head groups on the surface of HDL (4:1). this result suggests 
that the concent ration or phospholipids is not rate-limiting for 
CETP- media ted transfers of core lipids. 

When spherical rHDL are subjected to agarose gel electro- 
phoresis they migrate slower than native HDL (Table 1). 'litis 
difference in mobility, which reflects the different surface 
charges of the prep a rati oris, is most likely due to variations in 
a poli pop rot ein and phospholipid composition. Native HDL con- 
tain several classes of apolipoproicins (4fi), whereas the rHDL 
used in the present study contain only apoA-L Davidson cf a/. 
(13) have also shown thai phospholipid acyl chain composition 
affects HDL surface charge. As native HDL contain a range of 
phospholipids ('17). it is to he expected that rheir surface charge 
differs from that of rHDL which contain only POPC. When 
spherical rHDL are depleted of SPM head groups, their mobil- 
ity is indistinguishable from that of native HDL. In other 
words., removing the SPM head group increases the negative 
char ge on the surface of rl TDL. One explanation for this obser- 
vation is that removing the SPivl head group exposes t he polar, 
interfacial region of the molecule and liim this region influ- 
ences the surface charge of rHDL. Alternatively, ii is possible 
(hat the conformation oi apoA-1 changes when spherical rHDL 
arc depleted of SPM head groups. However, given that rHDL 
size is not affected by incubation with sphingomyelinase (Pig. 
i), and the conformation of apoA-T is dependent, on rHDL. si/.e 
('18). this is not. likely. 

The finding that SPM decreases the GdnH CI -media ted un- 
folding of apoA-1 in discoidal rHDL (Fig. 5) confirms what has 
been reported by Swaney (-19). This decrease may be due to the 
hydrogen bonds iu the SPM inierfacial region enhancing apoA- 
I -phospholipid interactions and stabilizing the particles. The 
additional finding chat incubation with sphingomyelinase in- 
creases the unfolding of apoA-1 in spherical rHDL suggests 
that SPM head groups also enhance phnsphnlipid-apoA-1 inter- 
actions. An alternative explanation for the increased unfolding 
of apoA-I in spherical rHDL is that removal of SPM head 
groups alters the orientation of phosphochul.ine head groups. 
Scl lerer and Seelig have shown (hat the orientation of these 
head groups is sensit ive t o surface charge (f)0). As the negative 
charge on the surface of spherical rHDL increases after incu- 
bation with sphingomyelinase (Table T). it follows that phos- 
pltocholine head group orientation may be altered such that 
phospholipid-apoA-T interactions decrease and the rHDL, are 
destabilized. 

.In summary, this study provides an insight into the effect of 
SPM or: the structure and function of discoidal arid spherical 
rHDL. Wc have shown that the. SPM molecule, and its head 
group, influence the structure and stability of both types of 



rHDL. When these results are considered, together with die 
observation that SPM inhibits cholesterol est erifica lion in dis- 
coidal rHDL. it follows that factors which regulate the concen- 
tration of SPM in HDL may have a significant impact on 
plasma cholesterol transport. 
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Reconstituted High-Density Lipoprotein Neutralizes Gram-Negative 
Bacterial Lipopolysaccharides in Human Whole Blood 
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We have tested hypotheses relating lipoprotein structure to function as measured by the relative ability to 
neutralize endotoxin by comparing natural human lipoproteins, a chemically defined form of reconstituted 
high-density lipoprotein fR-HDL), and a lipid emulsion (fntralipid). The human whole-blood system was used 
as an in vitrn model of Upopolysaccliaride (LPS) binding protein and CIH4-dependent activation of cytokine 
production. When lipoproteins were compared on the basis of protein content, R-HDL was most effective in 
reducing tumor necrosis factor alpha (TNF-of) production followed in order by very low density lipoprotein, 
low-density lipoprotein, Intralipid. and natural HDL. However, when these particles were compared by protein! 
phospholipid, cholesterol, or triglyceride content by stepwise linear regression analysis, only phospholipid was 
correlated to effectiveness (r 2 = 0.873; V < 0.0001). Anri-CD14 monoclonal antibodies MY4 and 3C10 inhibited 
LPS binding protein and C014-dependcnt activation of TNF-o: production by LPS at LPS concentrations up 
to -1.0 ng/mL R-HDL (2 mg of protein per ml) blocked TNF-a production by LPS from both smooth- and 
rough-type gram-negative bacteria at concentrations up to 100 ng of LPS per ml but had little effect on 
heat-killed gram-positive Staphylococcus aureus and no effect on other LPS-independent stimuli tested. These 
results support our hypothesis that LPS is neutralized by binding to phospholipid on the surface of R-HDL and 
demonstrate that R-HDL is a potent inhibitor of the induction of TNF-a by LPS from hot!) rough- and 
smooth-form gram-negative bacteria in whole human blood. 



Endotoxin is a lipopolysaccharide (LPS) that is anchored by 
a phospholipid-like lipid A domain in the outer monolayer of 
the outer membrane of gram-negative bacteria (28). When 
bacteria are exposed to blood or scrum, LPS is released from 
the bacterial surface as membrane fragments, membrane 
blebs, or mixed vesicles of bacterial phospholipid and LPS (4. 
32). In vivo, these extended molecular complexes of LPS are 
rapidly cleared from the circulation by the phagocytic system 
(22). In vitro and in vivo, they are only weakly toxic in the 
absence of a 60-k.Da plasma glycoprotein named LPS binding 
protein (LBP) (13. 33). LPS is transferred from a single high- 
affi nity binding site o n LBP (34 ) to i h e CD 1 4 a n t i ge n e xp ress e d 
by monocytes (42) and activated neutrophils (41). By "sol ido- 
lizing" vesicular LPS and transferring it to CD 14, LBP lowers 
the threshold for triggering production and release of a cas- 
cade of cytokines, including tumor necrosis factor alpha (TNF- 
a), interleukin 1. and interieukin 6 (31). from -100 to <0.i ng 
of LPS per ml. 

LPS can also bind to plasma lipoproteins: high-density li- 
poprotein (HDL) (35), low-density lipoprotein (LDL), very 
low density lipoprotein (VLDL) (1.1, I 2, 16, 36), and chylomi- 
cron remnants (17). Binding to any of these lipoproteins 
greatly reduces the ability of LPS to induce production and 
release of TNF-a. and inlerleukins .1 and 6 (1, 6, 24). Although 
normal plasma lipoprotein concentrations provide a vast excess 
(> 1.000-fold) of LPS binding sites, we and others have recently 
shown that resistance to endotoxemia is increased in vivo by 
relatively modest increases in plasma HDL or chylomicron 
remnant concentrations (8. 16. IS, 21). Further in vivo studies 
of a chemically defined form of HDL, made by reconstituting 
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apo-HDL protein (R-HDL) or a synthetic peptide with pure 
phosphatidylcholine (PC), led us to propose a model of the 
LPS-HDL complex (21). In this leaflet insertion model the 
fatty acyl chains of lipid A are anchored in the monolayer of 
phospholipid that covers (he surface of lipoproteins in the 
same orientation thai LPS assumes on the outer membrane of 
grain -negative bacteria, phospholipid monolayers, liposomes 
(29, 4(.)) ; and LDL (38). Binding in this orientation would 
effectively mask the lipid A domain which carries the biological 
activity of LPS (28). 

The leaflet insertion model predicts that the different capac- 
ities of VLDL, LDL, and HDL to neutralize LPS should be 
proportional to the amount of phospholipid surface available 
for insertion of the lipid A domain rather than the amount of 
protein, cholesterol, or triglyceride. The model also predicts 
that HDL or R-HDL will neutralize endotoxins from both 
rough (Escherichia coli Oil 1 :B4) and smoolh (Salmonella min- 
nesoia Re595) gram-negative bacteria that contain complete 
lipid A domains and either truncated or fully developed poly- 
saccharide domains, respectively. These hypotheses were tested 
in an in vitro human whole-blood system that preserves the 
integrity of interactions between plasma proteins and the cel- 
lular elements of blood, including those between LBP and 
CD14. 

MATERIALS AND METHODS 

U\S. Smooth-strain LPS from E. coli Oi l 1:B4 ; Salmonella typlrimurium, and 
Serratia marcescens and rough-strain LPS from A'. mbuwsoJa R5y5 (Re) were 
purchased from List Biological Laboratories, Inc. (Cambell, Calif.). An addi- 
tional rough-strain LPS. Rc5!>5. extracted from S. minncsoto according to a 
method described previously (24), was kindly provided by J. C. Mathisnn and R. 
J. Uievitch (Scripps Clinic, La Jolla, Calif.). Stock solutions of LPS (5 mg/ml) 
were prepared by sonication in 200 mM EDTA. pM 7.0. 

Reagents. Heat-killed Staphylococcus aurcux (H.KSA), at U) ! 1 cells per ml in 
saline and monoclonal mouse anti-human antibodies 3CI.0 (anti-CD! 4 (37]) 
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hybridoma line from the American Type Culture G^lleciion (TIB 228) and 11M 
f ami-CD IS [23 : 43]) were kindly provided by J. C. Mathison and R. J, Ulevjtch. 
Monoclonal ;mti-D)14 antihody MY4 (Id) was obtained from Coulter Cytom- 
etry (Hialeah. Fla.): monoclonal anti-prolactin was obtained from Zyrncd Lab- 
oratories (South San Francisco, Calif.). All antibodies were immunoglobulins 
and were purified on a protein A column. 

Natural lipoproteins. Fresh plasma was drawn from healthy, fasting human 
volunteers. lipoproteins were purified by sequential density flotation in u Beck- 
man TifiO rotor (30). with EOT A (1 mgmil) used as an anticoagulant and an 
antioxidant. 

K-iFDL. HDL was purified from human plasma. Beta lipoproteins were re- 
moved, and an KDL-rich concentrate was prepared by the two-stage phosptio- 
tungstic actd precipitation method of Burslcin and Seolnick (5) as modified by 
Koizumi ct aL (19). HDL was isolated by isopyenie focusing in a Beck man V Ti50 
vertical rotor by a modification of the procedure described by Chung et a!. (7). 
The. purified HDL was washed by density flotation through a layer of 1.21 » of 
sodium bromide per ml in a Beck man Ti60 rotor (30). The final HDL prepara- 
tion contained —85% apolipoprotein A-L .15% apolipoprotem ATI. and apoli- 
poproiein CI-IT] and less than 0.5% albumin when estimated by scanning of 
sodium dudecy! sulfate gradient polyacrylamidc (3 to 30%) gets or by direct 
measurement of protein in fractions separated by chromatography through col- 
umns of Superose 6 and 12 in series. 

Purified HDL (5-g lots) was diaivzed against I mg of EDTA per ml. lyophi- 
lizcd. and extracted three timers with 2 liters of cold chloroform-methane! (2:1. 
volA'ol) and twice with 500 ml of anhydrous diethyl ether. Apo-HDL was col- 
led ed by nitration through Whatman no. 4 paper, dried under vacuum, and 
stored at -7trC 

Apo-HDL was reconstituted (R-HDL) with pure egg phosphatidylcho- 
line (PC) (2:!. wt/wt; Avanti Polar Lipids, Alabaster, Ala.) as described bv Mntx 
and Jonas (25). except thai the last traces ot detergent (cholic acid) were re- 
moved by adsorption to Bio-Rad SM2 beads as described by Bonomo and 
Swancy (3). The molar ratio of protein (as A-f) to PC in the final R-HDL 
preparation was 1: .100, with <0.02 mol% cholic acid and <0. 1 endotoxin unit per 
mg of protein (—20 pg of LPS per mg of protein). 

Whole-blond TNF-ct induction ussays. Blood was cuilected in a heparini/ed 
tube, diluted with Hank's balanced salt solution (HBSS) or R-HDL. and trans- 
ferred to Sarstedi tubes (250 f jd per tube) (Hayward. Calif.). LPS or MRS A was 
added (2.5 pi) Jit various concentrations in pyrogen- free, saline containing 10 inM 
HEPES (/V-2-hydroxyet twlpiperazine-fV'-2-ei hanesuifi >uic acid). After incuba- 
tion for 4 h at 37*C. the tubes, were chilled to 4*C and cenirifuged at .10,000 x 
for 5 min. The supernatant was collected for determination of TNF-«. 

A two-way dose-response experiment was carried oul in the whole-blood 
system by mixing a -1-mg/ml solution of R-HDL with whole blood at 6.25, 1.2.5. 
25, 33, 5(1. and 75% (vol/vol) to obtain 0.25. 0.5, 1.0. 1.25. 2.0, and 5.0 mg of 
R-HDL (as protein) per ml. respectively. Controls contained HBSS in the place 
of R-HDL. HBSS controls and R-HDL were incubated with £. coli Oi i l:fV. LPS 
at concentrations of 0\ 0.1, 0.3, L HI and 100 ngmil. A total of 72 (2 x 6" X 6) 
incubations were run in three batches, using blood from a single donor. A $[)% 
HBSS control was included in each run. TNT-o concentrations "from incubations 
at various dibit ions (6.25%, 12.5%, etc.) were adjusted by an appropriate factor 
to normalize them to 50% whole blood. Adjustment for dilution was unnecessary 
in all subsequent experiments, which were carried out in 50% mixtures. 

Comparison of R-HDL to natural lipoproteins and Intra lipid. Fresh whole 
human blood was supplemented with lipoprotein- free human serum or lipopro- 
teins (VLDL, LDL. and HDL), Tm.ralipid, or R-HDL and incubated with 10 tig 
of £. coli OJ'M:B4 LPS pet rnl for A h. Cell-free snpernatants were collected for 
measurement of TNF-a. 

TNF-a production in f.MJM. Blood mononuclear cells were isolated from fresh 
human plasma or after preincubation with R-HDL by Ficoll-Paque density gra- 
dient eentrif ligation, as previotisly described (20). Washed human peripheral 
biood mononuclear cells (PBM) were suspended in RPMi containing 5% fetal 
calf serum (10'' cells per ml), and 200,000 cells were added lo each well of a 
%-wcii round-bottom plate. The cells were incubated with phytoncmagglutinin 
(2 fig/ml), anti-CD 3 (100 ng/ml). Staphylococcus mucus enieroloxin B (1 ji-g.'mU 
Sigma Chemical Co.. St. Louis, Mo.j. or LPS (£. coli 01.1 J :B4; 10 ng/ml) fur 64 
h (last 16 h in (he presence of [ 3 H]thvmidiuc. 1 \\.C\ per well). The cells were 
harvested and [ fl H]thymidinc uptake was measured as described previously (20). 
Incubations of PBM with LPS were supplemented with 10% autologous plasma 
as a source of LHP. The media were collected after a 48-h incubation. TNF-a was 
measured by immunoassay (Genzymc. Cambridge, Mass.). 

Cytolytic assay for TNF-m. TNF-a was measured by using a cytolytic assay with 
actinomycin D-trcaied WEHT-13 cells (10). WEIH cells were maintained in 
tissue culture medium containing RPMI 1640 supplemented with 10% fetal 
bovine serum (not heaved). 10 mM HEPES, 2 mM L-gtulamine, 50 U of penicillin 
per ml, and 50 pg of streptomycin per ml. WEH'l cells were plated in %-wull, 
flat -bottomed microliter plates at 20.000 cells per well in a lf!0-pl volume. The 
eel is were allowed to adhere for 2 to 3 h. Samples for measurement were added 
at 50 |ci per well, and serial threefold dilutions were then made. Plates were 
incubated for 18 to 20 h. MTT f3-(4,5-dime.thylthia7.ol-2-vl)-2,5-diphenylletr;r/:o- 
lium bromide] (Sigma) was added (10 uJ of 5 mg/m! in 0.01 M phosphatc- 
buirered saline. pH 7.5). and the plates were incubated for an additional 4 h. 
ksopiopano! containing 40 mM H CI was added to each well ( 100 pi) to dissolve 
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FIG. 1. LPS-dependeui TNK-a production in the whole human blood system.. 
Shown is the amount of TNF-a produced by whole human blood in response to 
E. coli 01 1LB4 LPS. Symbols: control (B) versus R-HDL at 0.5 (♦). 1 (G). L.3 
(O). 2 (©). and 3 (O) nig/ml. 



crystals formed as a product of the metabolism of MTT by the live cells. The 
degree of eytolysis was directly proportional to the amount of formaznn pro- 
duced and was determined by the optical density at 570 mu corrected for that at 
650 nm due to cell debris. 

Each assay contained WE HI cells incubated with no TNF-a (minimum lysis) 
and cells incubated with a standard (conditioned medium from LPS-treated 
RAW 264.7 cells), which gave rise to maximum lysis. One unit of TNF-a was 
defined as the amount of TNF-a resulting in lysis of 50% of the WEH ! cells. 
Samples measured to be below the sensitivity of the assay were assigned value 
equal to the lowest standard. 

Lipid. lipoprotein, and LPS measurements. Lipid and lipoprotein measure- 
ments were carried out using a Roche COB AS FARA M (Roche Diagnostic 
Systems. Branchbnrg. N J.). Total cholesterol and triglycerides were measured by 
enzymatic methods (Boehringcr Mannheim Diagnostics. Indianapolis, Ind.), as 
described previously (9). Cholic acid was measured with an enzymatic lest kit 
(Sigma). Phospholipid was measured by using an enzymatic method based on 
measurement (if the choline content of PC sphingomyelin, and lysophosphati- 
dykholinc (Wako Chemical USA, Dallas, Tew): these phospholipids make up 
approximately 95% of total scrum phospholipids (59). LPS was measured in 
lipoprotein preparations after dilution ami heating at 75°C (15) by the Lhmihts 
amebocyie lysate method, using the E-Tox;nekii (Sigma). 

Data analysis and statistics. Results are expressed as mean TMF-« nnils; the 
standard deviation was always lciis than 10% of the mean and is not shown. 
Lipoprotein concentrations are expressed as milligrams of protein per miilihter 
unless otherwise stated. Regardless of the units, lipoprotein concentrations in 
whole-blood incubations refer io the concent rat ion of added lipoprotein. We 
estimate that endogenous VLDL, LDL. and HDL concentrations, respectively, 
were less than 0..L 0.2, and 0.1 mg of protein per ml in incubations containing 
50% (vol/vol) whole blood. Stepwise linear regression of TNF-a against lipopro- 
tein proiein. PC. TC\ and triglycerides was carried out after transformation of the 
independent variables to ioc K) : log(TNF) K vc \oglVC) + A' flmU . (ll log( proiein! 
+ K r<: \ag(TC) + AVolog(TG) -I- 7s mr . Ii:tpI; where K vc . K vy ,J ul , /C TO V; Tf;: and 
KmicrcTfi atC constants derived from the stepwise regression rmalysi?., TC is total 
cholesterol, and TG is triglycerides. Mathematical models that included the 
independent variables protein, cholesterol, and/or triglyceride concentration did 
not "fit'' the data better than the simple model that uses only PC: logfTNF) - 

RESULTS 

Oose-response of R-HDL tin TNF-a indttction by LPS in 
whole blood. A two-way dose -response experiment was carried 
out to determine the relationship between TNF-a production 
in whole blood ;md the concentrations of £ coli Oirt :B4 LPS 
and "R-HDL. Substantial dose- response relationships, extend- 
ing over more than 3 log 1M units of TNF-a production, were 
observed between TNF-a production and both LPS and R- 
HDL concentrations (Fig. 1 and 2). Production of TNF-a de- 
creased steadily with increasing concent rations of R-HDL at. 
LPS concentrations ranging from 0.01 to 100 ng/ml (Fig. 2). 
The effect of R-HDL was clearly apparent at 0.5 mg/m] and 
optimal at 2 mg/ml or from approximately half- to twice the 
concentration of HDL protein in normal human plasma (—1 
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PJG. 2. EilV cl of R-HDL on Ll'S-depcndenl TNP-« prod u el ion in whofe 
human blood. Shown is the amount of TNT : -« produced by whole human blood 
in response lo E. coil Ol.U:84 LPS ;il U.I (B) ; 0.3 (♦), l.o'(D)-. 10 (O), and 100 
(•) mg/nil as affected by increasing R-HDL concent rat ions. 
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TABLE L Lipoprotein composi lion 

% nf mud lipoprotein mass 
Lipoprotein" — ! 





Protein 


PC 


Tt* 


TG f 


VLDL 


S.7 


14.2 


J 0.2 


66.9 


LDL 


J 3.8 


20.2 


32.7 


33.3 


HDL 


52.9 


27.4 


17.2 


2.5 


R-HDL 


21.1 


7S.9 


ND J 


ND 


LPDS 


97.9 


2.1 


ND 


ND 


Intralipid 


ND 


5.6 


0.7 


93.7 



°Thc phospholipid concentrations (milligrams per milliliter) in these stock 
solu lions of pu rifted lipoproteins were as follows: VLDU 3.62; LDL, 9.51: HDL, 
15.17; R-HDL 3S.5.L iipoprotein-deliciem scrtmi (LPDS). 2.! 7: ami Ini'ralinid. 
12.03. 

*TC, total cholesterol. 
r TCi s inY-i ycer ides. 
d N T D. no: detectable. 



mg/mi). Optimal concentrations of .R-HDL (2 mg/mi) reduced 
TNF-a production to <5% of the control at LPS concentra- 
tions up to 100 ng/rnl. All subsequent experiments were carried 
out with R-HDL at. 2 mg/mi. 

Comparison of R-HDL with natural lipoproteins and In- 
tralipid. The effect of natural lipoproteins, R-HDL, or 20% 
Intralipid on LPS-mediafed TNF-a production is shown in Fi«. 
3. Lipoprotein concentrations are expressed as milligrams of 
lipoprotein protein per milliliter. The compositions of the pu- 
rified lipoproteins are shown in Table ! . As previously reported 
by others (11, 12. 1.6), VLDL and LDL more effectively re- 
duced TNF-a production per unit of lipoprotein protein than 
did natural HDL (Fig. 3 T left panel). In contrast. R-HDL was 
more effective than either VLDL or LDL and substantially 
more effective than natural H DL, confirming previous findings 
(9a). Stepwise regression analysis of the data identified a 
strong inverse correlation between TNF-a production and the 
concentration of added phospholipid (Fig. 3, right panel; r - 
0.873; P < 0.000 i). The correlation was not improved signifi- 
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FIG. 3. Inhibition of LPS -dependent TNF-a production is inversely eon-e- 
lated in lipoprotein protein and phospholipid concentration. TNF-a concent ra- 
tion is plotted against protein (left) and phospholipid (right) concentration in 
whole-Hood incubations containing 10 ng of E. QU\:\U LPS per ml sup- 
plemented with R-HDL. VTJDL? LDL, HDL. lipoproiein-dcficicm scrum 
(LPDS). and Tntralipid. 



can thy by including terms for protein, cholesterol, and/or tri- 
glyceride concentration in the linear regression analysis. 

R-HDL inhibits induction of TNF-a production by LPS 
from rough and smooth gram-negative bacteria. Two rough 
types (Rc595 and S. Minnesota) and three smooth types (E. 
coli, S. iyphimurium, and Saratia marccscens) of LPS were used 
to stimulate TNF-a production in the presence or absence of 
R-HDL (Fig. 4). Virtually complete inhibition of TNF-a pro- 
duction was observed in incubations of whole blood with LPS 
from smooth types of gram -negative bacteria. LPS from rough- 
iype gram-negative bacteria induced comparatively more 
TNF-a production in control incubations when compared on 
an LPS weight basts (nanograms per milliliter) with smooih- 
type LPS : but R-HDL inhibited TNF-a production by 90% at 
LPS concentrations of 100 ng/ml. 

Anti-CD 14 antibodies inhibit TNF-a production by LPS 
stimulation. Blocking the LBP-CD14 membrane receptor 
pathway with anti-CD'14 monoclonal antibodies (M'Y4 and 
3 CIO) essentially abolished TNF-a production at low concen- 
trations of LPS up to 0.3 ng/ml (Fig. 5). Antibodies against 
prolactin (A PA) and GDIS (JB4), used as negative controls, 
had no effect on TNF-a production. R-HDL so completely 
inhibited TNF-a production in these studies that it was not 
possible to draw conclusions regarding complementary or com- 
petitive interactions between R-HDL and the anti-CD J 4 
mo t i oc I o n a 1 a n t.i bo d i es , 




0.1 1 

LPS (ng/mlj 

f-'IG. 4. TNi'-u production in response lo LPS from rough- and smooih-iype 
"ram-ntMjarivc bacte-ria; rough types. Rc595"(H) and S. mhmesota {♦); smooth 
types, E. coli (□), $. typhimuriwn (O), and Scmtiia maKescetts (©). Solid lines rue 
incubations without R-HDL: dashed lines arc incubations with LPS from ihc 
same source in ihc presence of 2 mi; of R-HDL per ml. 
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RG. 5. Comparative inhibition of LPS-stimulaied TNF-o production by K- 
HDL and selected monoclonal antibodies (10 jj.g/ml). Solid lines arc incubation?; 
wiili HBSS; dashed lines arc incubations with 2 mg of R-HDL per nil. Symbols: 
HBSS or R-HDL alone (B); APA (♦): MY4 (□): XlO (<>); TT.U (©). 



Effect uf'R-HDL on nnn-I.PS induction of TNF-a. To dem- 
oi i s Irate thai the e f feci o f R - H D L o n ce 1 1 s was n o t ca u sed by a 
nonspecific cytotoxicity or immune suppression, we studied the 
elTect of R-HDL on LPS- independent signaling pathways. 
HKSA activates cells by several pathways, all of which are 
independent of ihe LPS signaling pathway. Although R-HDL 
was not expecled to block. TNF-a production stimulated by 
HKSA.. we observed a shift in the dose-response curve to the 
right toward higher concentrations of HKSA (Fig. 6). This 
couid be due to a nonspecific effect of R-HDL on TNF-a 
production or to neutralization of unidentified gram -positive 
toxins that meet the struct urai requirements for binding to 
R-H.DL. To rule out nonspecific effects, whole human blood 
was incubated with R-.HDL (0.5, 1 .0. and 2.0 mg/ml) for 4 h as 
described in Materials and Methods. R-HDL was washed out 
during preparation of PBM from whole blood. Preincubation 
with R-HDL had no effect either on the yield of PBM or the 
percent viable cells as determined by exclusion of trypan blue. 
The data shown in Table 2 indicate that was hied PBM re- 
sponded normally to LPS and flic three non-LPS mitogens 
(phyiohemagglutinin, anti-CD3, and staphylococcal entero- 
toxin B) tested. 

DISCUSSION 

O ur work i ng I ty po 1 1 1 es e s a r e l h a l R - HDL a o d o f h e r 1 ipop t o - 
terns block the activation of cytokine production by competing 
successfully with cellular receptors for LPS, that LPS binds to 
lipoproteins by insertion of the lipid A domain into the phos- 
pholipid leaflet that covers the surface of lipoproteins, and that 
insertion masks the lipid A domain, preventing interactions 
between LPS and LPS receptors that are necessary for activa- 
tion of cytokine production. Because LBP and CD 1 4 recognize 
the lipid A. domain of LPS and pi ay an essential role in the 
cellular response to low (<1 ng/mi) concentrations of LPS in 
vitro and in vivo, it was important to study lipoprotein -medi- 
ated neutralization of LPS in a system that models these in- 
teractions. 

The studies with anti-CD 14 monoclonal antibodies MY4 
and 3C10 demonstrated that activation of TNF-a production 
by LPS was dependent on LBP and CD .14 in the human whole- 
blood system that was used in these experiments. Our finding 
that R-H.DL blocked TNF-u production at low concentrations 
of LPS supports the hypothesis that R-HDL competed success- 
fully with LBP and CD14 for binding LPS. Activation by higher 
concentrations of LPS. which can occur through CD.14-inde- 
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FIG. 6. Induction ofTNK-o production by HKSA alone (soiid line) and in 
the presence of 2 mg of R-HDL (dashed line) per ml. 



pendent pathways, was also blocked. This suggests that virtu- 
ally all of the LPS was bound to R-HDL. If 'nearly ail of the 
added LPS in this system was indeed bound, it would amount 
to —IIS ng of LPS per mg of phospholipid or < i molecule of 
LPS per 3.000 R-HDL disks. (The molar ratio of LPS to PC 
was estimated by assuming average molecular sizes of LPS [E 
coil OU;i:B4] and egg PC molecules to be 12.000 and 786 
g/m o 1. res pec lively, and th e we i g h t r alio o f PC to pro te in m e a - 
sured in the R-HDL to be 2.8 g/g.) Others have pointed to this 
apparent excess of binding capacity and argued that further 
increases should be without effect, but neutralization of LPS 
remains clearly dependent on HDL concent ration both in vivo 
and in vitro (21; this paper). The continued relationship be- 
tween plasma HDL concentration and inhibition of TNF-a 
production in response to LPS may be explained by data that 
indicate that LPS does not dissociate from preformed LPS- 
lipoprolein complexes while they remain circulating in the 
vascular compartment (12. 22 ; 26, 27). 

In the whole-blood system used in these experiments. LPS is 
present initially as free vesicles and LPS- LBP complexes that 
can interact with cell membranes directly or through receptors, 
but the concentration of "exchangeable" LPS decreases rap- 
idly, with time as the fraction bound to lipoproteins increases. 
(Wurfel el al. [44] have recently reported the transient pres- 
ence of exchangeable LPS on LBP and LBP-dependent trans- 
fer to R-HDL.) In our system LPS was still present as LPS- 
I i p o p ro tein co m p I exes , but TNF-a p rod u c t i o n wa s 5 % or 1 ess 
of that in control incubations when R-HDL and other lipopro- 
teins were added. This would not be the case if LPS readily 
dissociated from LPS- lipoprotein complexes. Under these con- 
ditions, competition among LBP, CD 14, and lipoproteins oc- 
curs primarily during the first encounter between LPS (or LPS 
bound to LBP) and lipoproteins or cellular LPS receptors, and 
the probability of encountering a lipoprotein would be deter- 
mined by lipoprotein concentration. 

Previous studies (11. 12, "16) have compared HDL with the 
other lipoproteins and concluded that chylomicron remnants 
and VLDL are as good as or better than HDL at neutralizing 
LPS. These studies compared lipoproteins by protein content 
and therefore made the implicit assumption thai the protein 
portion of the lipoprotein particle is the active component that 
gove r n s b in d i ng o f LP S . Our m oci e I of t, h e LPS - HDL com p I ex 
predicts that the phospholipid surface of t he lipoproteins is the 
active component. Stepwise regression analysis of the data 
comparing natural lipoproteins and R-HDL in whole blood 
showed a strong inverse correlation between TNF-a produc- 
tion and phospholipid concentration. After allowing for the 
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TABLE 2. Response of I'BM to Lf\S and non-LPS mitogens after R-HDL washout" 



R-HDL 
(nig/ml) 


TNT-ti with LPS 
(pii/mi) 




[ 'H]ihymidinc uptal 


■:e (dpm/iO'' cells) 




Control 


PHA 


Ami-CD3 


SEB 


0 

0.5 
t 

2 


SSis ±21.1 
606 ± 164 
872 ± 292 
752 - 66 


263 ± 69 
30! ± 182 
36S ± 163 
178± 54 


32,699 ± 1.401 
34.476 ± 1.852 
29.832 ±4.513 
30,608 ± 3,938 


21...470 = J ,520 
16.747 i 2.317 
16.242 3,902 
23.718 ± 654 


17 : 462 ± 174 
1 8.61.1 ±2,246 
17.611 ± 1.343 
20.038 - 3.260 



" R-HUL was present ai the indicated concentrations during a 4-h preincubation in whole blood. R-HDL was removed during the isolation of PBM Subsequent 
.ncubanons w.th LPS and mitogens were carried out in the absence of R-HDL as described in Materials and Methods. TNF-a concentrations in control incubation* 
without LPS averaged 14 pg/ml. Values are grven as means ~ siandard deviations. PHA. phvtohem agglutinin; SER staphylococci entcmtoxiii B 



contribution of phospholipid; no other component, lipoprotein 
protein, cholesterol, or triglyceride, was significantly correlated 
with TNF production. Phospholipid content accounted for 
94% of the activity of lipoproteins as measured by change in 
TNF-a production. 

Additional support for the role of phospholipid comes from 
the observations that prole -in-free Inrralipid and choiesterol- 
and triglyccridc-free R -HDL were active. The weak inhibit ton 
of TNF-oc production by lipoproiein-deficienl scrum appears 
to be due to very high density lipoprotein in this fraction as 
indicated by the presence of phospholipid and by the good 
correlation of inhibition with phospholipid concentration (Fig. 
3. left panel). We conclude that R-HDL was more effective 
than the natural lipoproteins because it delivered more phos- 
pholipid per unit of protein. The small differences in effective- 
ness between preparations that remained after adjust men t in 
phospholipid could be explained by the presence on the sur- 
face of components other than phospholipid that were not 
measured in this study. Thus, we speculate thai the ability of 
R-HDL to present a clean, unhindered phospholipid surface 
favors insertion and in activation of LPS. 

The comparative study of LPS from both smooth and rough 
gram-negative bacteria also supports the hypothesis that the 
phospholipid leaflet covering lipoproteins provides a surface 
for insertion and neutralization of LPS. R-HDL neutralized 
LPS from both groups of bacteria independently of the size 
and structure of their polysaccharide domains. However, the 
difference in TNF-cv production curves of LPS from both 
smooth and rough gram-negative bacteria was not expected. 
LPS isolated from the rough* form bacteria activated TNF-a 
production at lower concentrations (nanograms per milliliter) 
than did high- molecular-weight LPS from smooth -form bacte- 
ria (Fig. 4). We speculate that this is explained by the differ- 
ence in molecular weight (the higher molar concentration of 
the iow-molccular-weight forms at the same nanogram -per- 
milliliter level). Tobias ei al. (34) found similar differences in 
the mass of LPS required to inhibit LBP binding to an LPS- 
coated surface: .1.3 versus 50 ng/ml for LPS from S. mimiesofa 
Rc595 compared with E. coli OLIl:B4. Nevertheless; it re- 
mains possible that the polysaccharide domains affect associa- 
tion of LPS with LBP or transfer of LPS in LPS-LBP com- 
plexes to CD 14 and/or R-HDL. 

Several lines of evidence argue that, inhibition of TNF-a- 
production was not due to a nonspecific inactivalion of the 
cellular immune response. Preincubation with R-HDL had no 
effect of recovery of viable PBM from whole blood. Moreover, 
washed PBM responded normally io LPS and mitogens in the 
absence of R-HDL. However, the modest inhihiliorTof TNF-c* 
production in response to HKSA was unexpected. Gram- pos- 
itive bacteria do not contain LPS but may contain other mem- 
brane-anchored toxins which could in theory be neutralized by 
R-HDL. Examples include lipoteichoic acid from Staphylococ- 



cus aureus and the lipoarabi noma n nans of mycobacteria. At 
least one pore- forming alpha-toxin of Staphylococcus aureus is 
known to be neutralized by LDL (2). Although natural HDL 
does not inactivate this alpha-toxin, the effect of R-HDL re- 
mains to be determined. 

Overall, these results from the human whole-blood sysiem 
extend our previous dala showing increased survival in the 
mouse endotoxemia model and demonstrate that R-HDL is a 
potent inhibit o r of th e i n d u c t i o r t by LPS o f TN F- a p ro d u c t.i o i t 
in human whole blood. 
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abstract: We investigated the potential use of reconstituted HDL parades (NeoHDL) as a carrier for 
lipophilic (pro)drugs. The antiviral drug iododeoxyuridine (IDU) was used as model compound. [ ? H]- 
CDU was derivatized with two oleoyl residues to dioieoyl[ 3 H]iododeoxyuridine ([ 3 HJIDU-01 2 ) S and the 
lipophilic prodrug was incorporated into NeoHDL by cosonication of [ 3 H]IDU-Ob with lipids and HDL 
apoproteins. NeoHDL panicles with the same density, size, and electrophorelic mobility as native HDL 
were obtained, which contained 7.3 ± 0.8% (w/w) [ 3 H]IDU-Oh (about 30 molecules of prodrug per 
particle). NeoHDL-associated [ 3 H]IDU-01 2 was stable during 2 h of incubation with human plasma; the 
prodrug was not appreciably hydrolyzed. nor exchanged with LDL. After intravenous injection of [ 3 HJ- 
IDU-OL-loaded i25 I-NeoH.D.L into rats : [ 5 H]JDU-OL disappeared more rapidly from the circulation'than 
the 125 I-apoproieins (78.0 ± 8.0% vs 30.1 ± 4.5% of the dose cleared from plasma in 60 min, respectively). 
The hepatic association of the prodrug was higher than that of the apoproteins (21.6 ± 0.5 vs 5.2 ± ! .6% 
of the dose at 10 min after injection, respectively). As selective clearance and uptake of lipid esters is 
also observed with native HDL. this suggests that, in vivo, prodrug-loaded NeoHDL may be subject to 
physiological HDL-specific processing. Lactosylared.[ 3 HJIDU-Oh-loaded - 25 I-N T eoHDL, which contains 
galactose residues that can be recognized by galactose receptors on parenchymal liver cells, was rapidly 
cleared from plasma. At 10 min after injection; only about 10% of the injected ]25 j -apoprotein and 3 H- 
prodrug was' left in plasma, and approximately 75% of the injected amount of both labels was recovered 
in the liver. We conclude that it is possible to convert a hydrophilic drug, like IDU ; into a lipophilic- 
prodrug that can be efficiently incorporated into a reconstituted HDL particle with similar properties as 
native HDL. The same approach may be applied for other water-soluble drugs. In particular, with 
lactosylated NeoHDL, an efficient delivery system to the liver can be achieved, which allows a more 
effective treatment of diseases like hepatitis B. 



The selective delivery of drags to their specific cellular 
targets increases their therapeutic effeciivity and reduces 
undesired interactions with nontarget tissues. A number of 
soluble molecules, like antibodies and lectins, and paniculate 
systems, such as liposomes and nanopa nicies, have been 
proposed as carriers for drugs (Poznansky & Juliano, 1984; 
Tomlinson, 1987). Furthermore, in the past decade it has 
become clear that lipoproteins are also attractive potential 
carriers (Counsel! & FohlamL 19S2; Shaw et aL 19S7; 
Bijsterbosch & van Berkel 1990; Firestone, 1994). 

Lipoproteins are spherical lipid/protein complexes respon- 
sible for the transport of lipids in the circulation. As 
endogenous carriers, they are not immunogenic and escape 
recognition by the reticuloendothelial system ("stealth be- 
havior*). Structurally, they consist of an apolar core, 
composed of cholesteryl oleate and/or triglycerides, sur- 
rounded by a monolayer of phospholipids in which choles- 
terol and specific apoproteins are embedded. A variety of 
lipophilic compounds can be incorporated in the lipid moiety 
of lipoproteins and thus be transported, hidden inside these 
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of Biopharmaceutics, Leiden/Amsterdam Center for Drug Research. 
P.O. Box 9503 : 2300 RA Leiden, The Netherlands. Telephone: (071)- 
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particles (Counsell & Pohland, 1982; Shaw et a!., 1987; 
Bijsterbosch & van Berkel. 1990; Firestone, 1994). Lipo : 
proteins may therefore be utilized as earners for lipophilic 
(pro)drugs. The distribution of a drug associated with a 
lipoprotein will depend on the metabolic fate of its lipopro- 
tein carrier. Lipoproteins are removed from the circulation 
by specific receptors that recognize their apoproteins (Bijster- 
bosch & van Berkel. 1990). In addition, lipoproteins can 
be directed to nonlipoprotcin receptors by chemical modi- 
fication of the apoproteins. We have shown, for example, 
that by reductive lactosami nation low density lipoprotein 
(LDL) 1 and high denstity lipoprotein (HDL) can be directed 
to galactose receptors present on Kupffer cells and liver 
parenchymal cells, respectively (Bijsterbosch ct aL, 1989; 
Bijsterbosch & van Berkel, 1992). 

A possible limitation for the use of lipoproteins as drug 
carriers may be their limited availability, in a recent study 
we therefore, investigated the possibility to synthesize, from 
commercially available lipids and isolated apoproteins, 
lipoprotein -like lipid panicles. We succeeded in preparing 



; Abbreviations: DM AC, dimethylaceiarnidc; EDTA, ethylenedi- 
aminetetraacetic acid; HDL, high density lipoprotein; H'PLC, high 
performance liquid chromatography; LDL 5 . 5-iodo-2'-deoxyurid.inc. IDU- 
Olj. 5^oleoyl-5-iodo-2'-deoxyuridine; IDU-Ol;. 3',5'-dioleoyl-5-iodo- 
2'-dcoxyuridinc; LDL, low density lipoprotein; PBS. phosphate-buffered 
saline: TLC. thin layer chromatography. 
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particles with properties very similar to the naturally occuring 
human HDL (Schouten et aL 1993). 

In the present study, we extended this earlier work and 
investigated whether such a reconstituted HDL particle, 
denoted NeoHDL, can actually be used to transport lipophilic 
drugs. A number of drugs, for instance, cyclosporin A and 
some porphyrin derivatives, incorporate spontaneously into 
lipoproteins (Mraz et al., 1986; De Smidt et al., 1993). Most 
drugs, however, are not sufficiently lipophilic for incorpora- 
tion into (neo)lipoproteins. To be incorporated, these drugs 
have to be convened to a lipophilic prodrug. It has been 
shown earlier that antineoplastic drugs can be incorporated 
in LDL after derivatization with lipophilic residues (Firestone 
et al., 1984; Vitols et al„ 1985; De Smidt & van Berkel, 
1990). in the present study, we used 5-iodo-2'-dcoxyuridine 
(3DU) as a model compound. IDU is a drug with antiviral 
activity, and it may also be used as radiosentisizer in the 
radiotherapy of tumors (Prusoff & Goz. 1974: Santos et aL, 
1992). IDU is not very lipophilic, and we therefore 
synthesized a lipophilic prodrug by deriv arizing IDU with 
two oleoyl residues. The resulting lipophilic compound. 
3',5'-dioleoylo-iodo-2'-deoxy uridine (IDU -01 2). was incor- 
porated into NeoHDL, and the physicochemical properties 
and biological fate of the prodrug-! 03 ded panicles were, 
investigated. By using 3 H-laheled IDU-OL and radioiodi- 
nation of apoproteins, the incorporated prodrug and apopro- 
tein moiety could be monitored simultaneously. 

EXPERIMENTAL PROCEDURES 

Reagents and Materials. 2'-Deoxy[6- 3 H]uridine (25.5 Ci/ 
mmol) was obtained from New England Nuclear Research 
Products, Boston, Ma. Na J25 l (carrier free) was supplied by 
Amersham International Amersham, Bucks. U.K. Oleoyl 
chloride. 2'-deoxyuridme. 5-iodo-2'-deoxyuridine. choiesteryl 
oleare. and Dowex 1 X8 (200-400 mesh) were from Janssen. 
Beerse. Belgium. Egg yolk phosphatidylcholine was from 
Fluka. 3uchs, Switzerland. Cholesterol and bovine serum 
albumin (fraction V) were obtained from Sigma, St. Louis, 
Mo. Lactose was supplied by Merck. Darmstadt, Germany. 
Sodium eyanoborohydride was from Aldrich. Brussels, 
Belgium. Emulsifier Safe and Hionic Fluor scintillation 
cocktails and Soluene-350 were from Packard, Downers 
Grove, 11, All other reagents were of analytical grade. Thin 
layer chromatography (TLC) plates (silica 6O-F254 preformed 
0.2- mm -thick layers on aluminium sheets) were obtained 
from Merck, Darmstadt; Germany. 

Synthesis of 5-Iodo-2'~deoxy[6- s H /uridine ([ J HJIDU). 3 H- 
Labeled and unlabeled 2'-deoxyuridines were dissolved in 
1 N KNO3 and mixed to a final concentration of 25 mM 
(5.7 mg/mL; specific radioacticity 50 mCi/mmol). An 
aliquot of 0.6 mL of this solution was refluxed for 3 h at 70 
°C under continuous stirring with 30 mg of I 2 and 0.3 mL 
of CHCI3. Then, CHCI3 and unreacted iodide were removed 
by extraction with diethyl ether. The aqueous phase was 
mixed with 30 mL of 90 mM NaOH and applied to a column 
of 2 mL of Dowex- 1 (X8; 200-400 mesh) in the formate 
form. Tne column was subsequently washed with 10 mL 
of 10 mM NaOH. Fractions were collected and assayed for 
the presence of (modified) pyrimidine base by measuring 
radioactivity and absorb an ce at 288 nm. Less than 5% of 
the applied radioactivity and UV-absorbing material e luted 
from the column during application of the diluted aqueous 
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phase and subsequem washing of the column. Virtually all 
of the applied radioactivity and UV-absorbing material were 
subsequently eluted from the column by 0.1 M formic acid 
(total recoveries >90%). The eluted material showed a 
number of spots upon TLC (solvent: ethyl acetate saturated 
with 50 mM sodium phosphate buffer. pH 6.0). The major 
spot, which contained approximately 65% of the applied 
radioactivity, was at the same position (rt/0.25) as the 5-iodo- 
2'deoxyuridine marker (2'-deoxyuridine: R { 0.06). The 
column fractions were lyophilized and further purified by 
preparative TLC on silica gel 60 using the solvent system 
described above. Material at the same postion as 5-iodo- 
2 '-deoxy uridine marker was scraped off and extracted with 
methanol. The (radiochemical) purity was >95% as judged 
by TLC (solvent: methanol/water/ammonia. 80:40: S) and 
HPLC (column: Nucleosil 120 7Ci S ; eluent: 10% acetoni- 
triie in 0.1 M sodium acetate buffer, pH = 5.45). 

Synthesis of 3\5'-DiGleoyl-5-iodo-2'-deoxyuridine (IDU- 
Oh). To 71 mg of 5-iodo-2'-deoxyuridine (0.2 mmol), 
dissolved in 8 mL of dry dimeihylacetarnide (DM AC), were 
added i.67 mL of dry pyridine and 0.33 mL of oleoyl 
chloride (L0 mmol). After standing for 24 h at 65 °C the 
reaction mixture was transferred to a separaiory funnel 
containing 80 mL of H 2 0 and 40 mL of CHCI3. The organic 
phase was washed once with 80 mL of 10% (w/v) NaHC0 3 
and twice with 80 mL of H 2 0, and subsequently the solvent 
was evaporated. The resulting yellowish oil showed two 
spots upon analysis by TLC (solvent: methariol/dichlo- 
romethane. 5:95): a major spot with Rf — 0.75 and a minor 
spot with R f - 0.20 (iododeoxyuridine marker; R f < 0.05). 
The material was further purified by column chromatography 
over silica ge) 60 (230-400 mesh; column dimensions 0.8 
x 12.0 cm) by applying a gradient of 0-5% (v/v) meihanol 
in dichlorome thane. Fractions containing me major and the 
minor product were pooled and analyzed by NMR and mass 
spectroscopy. The major product was identified as 3'.5'- 
diolcoyl-5-iodo-2'-deoxyuridine (1DU-OL). and the minor 
product as 5'-oleoyl-5-iodo-2'-deoxyuridine {IDU-O10- 

IDU-Oh: yield 79 mg (45%);' ] H-N MR (200 MHz, 
CDCh): (5 7.96 (s ! IH: CH-61 6.26 (1. IH: C/M'), 5.32 
(t t 4H: CH Co/C]o-oleoyl). 5.20 (m, IH: CH-T) t 4.50-4.26 
(m, 3H: CH~4\ CrV 2 -5") s 2.52-2.24 (rc, 6H: CH 2 -2 r , CH 2 
Croleoyl). 2.00 (d, SH: CH 2 Cs/Q i-oieoyl), 1.61 (m. 4H: 
C/YzC: 7 -oIeoyl) f i.2S(m,40H: CH : CyC./C^C^-olecMl 
0.86 (t, 6H: CH r o\eoyi). Mass: 882.5 (calculated: 883.0). 

IDU-Oit: yield 19 mg (15%); 3 H-NMR (200 MHz, 
CDCU): 6 7.95 (&. IH: Ctf-6). 6.23 (t } IH: CHA\ 5.32 
(t. 2H: CH CsAVoleoyl), 4.46-4. 14 (m t 4H: C//-3'. CH- 
4'.. CHrS'X 2.52-2.28 (m s 4H: CH 7 -2\ CH 2 C 2 -ol.covJ). 2.00 
(d.4H: CH 2 Cs/Cn-oIeovI), 1.64 fm. 2H: CH 2 C l? -oleovl). 
1 .26 (m, 20H: CH 2 CrCVC ir C ;6 -oleoyl). 0.86 (t. 3H: Cr- 
oleoyl). Mass: 618.2 (calculated; 618.6). 

NMR spectra were measured at 200 MHz using a JEOL 
JNM-FX 200 spectrometer. ; H chemical shifts arc given in 
ppm (<5) relative to letrarncthylsilanc as internal standard. 
Mass spectra were measured by plasma desorplion mass 
spectrometry in positive ionization mode. 

Synthesis of 5', 5'' -Di oleoyl - 5 - iodo -2 '-deoxy [6 - *H ]u ridine 
({ 3 H]l'DU-0hh To 1 mg of f 3 H]IDU (2.S «mol; specific 
radioactivity 13.5 mCi/mmol). dissolved in 0.11 mL of dry 
DMAC. were added 9 u\ of oleoyl chloride (28 mnoi) and 
23 t u\ of dry pyridine. After standing for 20 h at 65 °C, the 
reaction mixture was transferred to a glass vial containing 
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0.6 mL of CHCI3. The organic phase was washed once with 
1.2 mL of 10% (w/v) NaHC0 3 and thrice with 1.2 mL of 
H2O. and subsequently the solvent was evaporated. The 
resulting yellowish oil was further purified by TLC on silica 
gel 60 (dichloromethane/methanol, 95:5). Material at the 
same position as the [DU-OI2 marker (approximately 80% 
of the applied radioactivity) was scraped off and extracted 
with dichloromethane/methanol (95:5). The radiochemical 
purity of the product was >96% as judged by TLC using 
the solvent systems dichloromethane/methanol (95:5) and 
ethyl acetate saturated with 50 mM sodium phosphate buffer. 
pH 6.0. 

Determination of Partition Coefficients. AJiquots of 1 00 
nmol of [ 3 H]IDU or [ 3 H]IDU-6l 2 were dried in 4 mL 
stoppered glass vials. Then, 1 .0 mL of 1 -octanol and 1 mL 
of 50 mM sodium phosphate buffer (pH 7.4) were added, 
and the mixtures were shaken for 1 6 h at 37 S C. Samples 
of the octanol and the aqueous phase were then assayed for 
radioactivity, and the partition coefficients P (amount in 
oetanol/a mount in aqueous phase) were calculated. 

Preparation and HDL and HDL Apoproteins. Human 
HDL (density 1.063-1.210 g/mL) was isolated by two 
repetitive centrifugations as described earlier (Redgrave et 
a!., 1975). HDL was subsequently depleted of apoE- 
con raining materia! using a Seph arose— heparin column 
(Wcisgraber & Mahley. 1980). To isolate apoproteins, HDL 
was dialyzcd again sr water and freeze -dried. The lyophilized 
material was extracted with ethanol/dicthyl ether (3:1) for 
16 h at 4 °C and, subsequently, centrifuged for 5 min at 
2000 g. The supernatant was aspirated, and the pellet was 
subjected to two similar extractions for 4 h each. The final 
pellet was washed with ether, dried, and stored under nitrosen 
at -20 °C. 

Preparation of [ 3 H JlDU~Oh-Loaded NeoHDL The fol- 
lowing lipids, dissolved in CHC.h, were mixed in a 20 mL 
glass scintillation counting vial: 3.6 mg of phosphatidyl- 
choline, 1.8 mg of cholesterol oleate. 0.9 mg of cholesterol, 
and 0.9 mg of pHJlDU-Oi:- The solvent was evaporated 
under a stream of nitrogen. Subsequently. 10 mL of 
sonication buffer (10 mM Tris-HCl buffer, pH 8.0, containing 
0.1 M KG. .1 mM EDTA. and 0.025% NaNj), degassed arid 
saturated with nitrogen, was added, and the contents of the 
vial was sonicated with a macro tip (14-«m output) under a 
stream of nitrogen. The temperature was maintained at 49 — 
52 3 C. The sonication was stopped after 60 min, and the 
temperature was lowered to 42-44 °C. Sonication was 
continued, and 20 mg of HDL apoproteins, dissolved in 1 
mL of 4 M urea, were added in 10 equal portions over a 
period of 10 min. After all protein was added, the mixture 
was sonicated for a further 20 min. The sonication mixture 
was then centrifuged at 12000g for 5 min to remove large 
particles. Subsequently, the preparation was subjected to 
density gradient ultracentrifugation as described earlier 
(Redgrave et al., 1975). Particles with a density ranging from 
LOS to LI 8 g/mL (50-75% of the applied radioactivity) 
were pooled and concentrated. The NeoHDL was further 
purified by FPLC using a Superose-6 column (Pharmacia, 
Uppsala, Sweden). The column (60 x 1.8 cm) was eluted 
with 0.1 M sodium phosphate buffer, pH 7.0. containing 0.5 
M NaCl and 10 mM EDTA (flow rate 24 mL/h). Fractions 
ehiting at the the same position as native HDL (60— 90% of 
the applied radioactivity) were collected, pooled, and con- 
centrated. 
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Physicochemical Characterization of[ 3 HJ!DU'Oh-Loaded 
NeoHDL. The chemical composition of [ 3 H]IDU-01 r !oaded 
NeoHDL was determined as follows. Protein was measured 
by the method of Lowry ct al. (1951), using bovine serum 
albumin as a standard. Cholesterol and cholesreryi oleate 
were determined by an enzymatic method as described earlier 
(Nagelkerke et al.. 1986). Phosphatidylcholine was deter- 
mined using a colorometric test kit provided by Boehringer 
Mannheim, Mannheim, Germany. [ 3 H]IDTJ-01 2 was assayed 
by measuring its radioactivity. 

The size of [ 5 H]IDU-01 2 -loadec NeoHDL was determined 
by FPLC (Superose-6 column) and by photon correlation 
spectroscopy, using a Malvern 4700c submicron panicle 
analyzer, at an angle of 90°. 

Radioiodination of [ 2 H]lDU-Ol v Ijoaded NeoHDL. [ 3 H]- 
IDU-01 2 -loaded NeoHDL was labeled with - 25 I using iodine 
monochloride as described earlier (Bijsterbosch & van 
Berkel, 1992). The resulting double-labeled preparations 
contained approximately equal amounts of i25 l and 3 H. The 
distribution of !25 I over apoproteins and lipids in f 3 H']IDU- 
01 2 -loaded t25 l-NeoHDL was determined by extraction as 
described by Folch et al. (1957). The apoprotein moiety 
contained 9S.9 ± 0.2% of the ™L and 0.5 ± 0A% was 
present in the lipids. The remaining 0.6 ±0.1% was free 
-i - 5 I (means ± SEM of 3 determinations). 

Laciosylation of [ ? H]1D U- OU-Loaded NeoHDL. [ 5 H]IDU- 
01 2 -loaded NeoHDL (1 mg/mL in 0.1 M sodium phosphate 
buffer, pH 7.0, containing i mM EDTA) was incubated under 
sterile conditions at 37 °C with lactose and sodium cy- 
anoborohydride to final concentrations of 100 and 50 mg/ 
mL, respectively. After 60 h, the reaction was stopped by 
the addition of 0.2 volume of 0.6 M N r H.iHC0 3 . Subse- 
quently, sodium cyanoborohydride and unbound lactose were 
removed by exhaustive dialysis against PBS (10 mM sodium 
phoshate buffer., containing 0.15 M NaCl and 1 mM EDTA). 

In Vivo Plasma Clearance and Liver Association. Male 
Wistar rats (225—325 g) were used. The animals were 
anesthesized by intraperitoneal injection of 15-20 mg of 
sodium pentobarbital, and the abdomen was opened. Ra- 
diolabeled li gauds were injected via the vena penis. At the 
indicated times, blood samples of 0.2—0.3 mL were taken 
from the inferior vena cava and collected in heparinized 
tubes. The samples were centrifuged for 2 min at 16000$ 
and assayed for radioactivity. The total amount of radio- 
activity in plasma was calculated using the equation: plasma 
volume (mL) = [0.0219 x body weight (2)] ~r 2.66 
(Bijsterbosch et al, 1989). At the indicated times, liver 
lobules were tied off and excised. At the end of the 
experiment the remainder of the. liver was removed. The 
amount of liver tissue tied off successively did not exceed 
15% of the total liver mass. Radioactivity in the liver at 
each time point was calculated from the radioactivities and 
weights of the liver samples and corrected for radioactivity 
in plasma present in the tissue, at the time of sampling (85 
wL/g fresh weight; Caster ct al, 1955). 

Determination of Radioactivity. Samples containing 3 H 
were counted in a Packard Tri-Carb 1500 liquid scintillation 
counter, using Emuisifier Safe or Hionic Fluor scintillation 
cocktails. Liver samples, TLC scrapings, and gel slices were 
first digested with Soluene-350. In samples containing both 
l25 I and 3 R the i25 I-radioactivity was counted in a Packard 
Auto-Gamma 5000 counter, and the •'H-activity was mea- 
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Figure I: Synthesis of IDU-Ok 

surcd as described above and corrected for the contribution 
of l2 H. 

Assay of the Stability of NeoHDL-Associated IDU-OU. 
[ 3 HJIDU-OI 2 -loaded NeoHDL (10 wg of protein/mL) was 
incubated with serum or phosphate-buffered saline at 37 °C 
in aliquots of 0.16 mL. After 2 h, the incubation was 
terminated by the addition of 0.6 mL of chloroform/methaiiol 
(1:2). Phases were separated by adding 0.2 mL of chloro- 
form and 0.2 mL of 0.28 N HCI. The upper (aqueous) phase 
was taken off, and the lower (organic) phase was washed 
thrice with 0.5 mL of 0.1 N HCI. The. aqueous phase was 
combined with the wash fluids and counted for radioactivity. 
The organic phase was subjected to TLC (solvent: methanol/ 
dichloromethane, 5:95). Approximately 10 «g of IDU-OL 
and IDU-Olj were added as earner and to enable detection. 
The ]DU-Oh and 1DU-01 I spots were scraped off and 
counted for radioactivity. 

RESULTS 

Synthesis of and Characterization of (*H -Labeled) IDU- 
Ok. The synthesis of IDU-Ok was based on a previously 
described procedure for the preparation of dioleoyifluoro- 
deoxyuri.di.ne (Nishizawa et al. 1965). in short, oleoyl 
chloride was allowed to react with IDU in a mixture of 
dimethylacetamide and pyridine (Figure 1). LDU-Ol: was 
subsequently purified from the reaction mixture by extraction 
and silica column chromatography. The identity of IDU- 
Oh was confirmed by J H-NMR and mass spectroscopy. To 
be able to monitor the biological fate of the (pro) drug, a 
3 H-labeled derivative was synthesized. First, [ 3 H]IDU was 
synthesized from 2'-deoxy[6- 3 H]uridine by electrophilic 
substitution, essentially as described by Prusoff (1959). The 
UV spectrum of the product was identical to that of reference 
IDU (a maximum at. 279 nm and a minimum at 254 nm), 
but clearly different from that of 2'-deoxyuridine (Figure 2). 
The radiochemical purity was >95%, as estimated by thin 
layer chromatography and HPLC. [ 3 H]IDU was subse- 
quently derivatized with oleoyl chloride as described above. 
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Figure 2: Spectral properties of [ 3 H]iododeoxyuridinc and deoxy- 
uridine. Iododeoxyuridine (@), [ 3 H]iododeoxyurine (O), and de- 
oxyuridinc (BB) were dissolved in 0.1 M NH4OH. and their 
absorption in the ultraviolet region was determined spectrophoto- 
metrically. The results are expressed as % of the maxima at 262 
nm (Si) and 279 nm (O. @). 

Table 1: Chemical Composition of i" ? -HJlDU-01;-Loaded NeoHDL; 
Comparison with Native ApoE-Depeleted HDL" 
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[ 2 H]IDU-Ol : -ioiHled 


native 
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apuE-free HDL 


protein 


52.3 ± 0.2 


48.9 =: 3.9 


pho sphatid ykh oli n e 


26.5 ± 0.9 
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cholesterol 


3.6 = 0.4 


2.9 i 0.5 


cholestervl oleate 


10.3 ±0.0 


19.4 ± 0.6 


[ 5 K]IDU-Oh 


7.3 ± (1.8 





'■'The chemical compositions of [ 3 K)IDU-0] : -ioadcd NeoHDL and 
native a poE -depleted HDL were analyzed as described in the Experi- 
mental Procedures. Values given are means ± SEM of 3 different 
preparations. 

l 3 H]IDU-Oh was identical to unlabeled IDU-01 2 as judged 
by its chromatographic behavior in two TLC systems. 
Measurement of the partition coefficients of [ 3 H]lbU-01 2 
and [ 3 H]IDU confirmed that the prodrug was much more 
lipophilic than the parent compound: log P values were 
found to be 4.07 ± 0.01 and -0.65 ± 0.01. respectively 
(means ± SEM of 3 determinations). 

Preparation of r H]lDU-Ol 2 -Lx)ade.d NeoHDL The pro- 
cedure used to prepare [ 3 H]JDU-OMoaded "NeoHDL was 
based on previously described methods for the preparation 
HDL-like particles (Atkinson & Small, 1986; Pittman et. al.. 
1987; Jonas et a!., 1989; Schouten et al.. 1993). In brief, a 
lipid emulsion was obtained by cosonication of phophati- 
dyicholine. cholesterol, cholestery] oleate, and [ 3 H]IDU-Oi 2 . 
Subsequently, HDL apoproteins were added to the emulsion, 
and sonicaiion was comiiuted for another 30 min. The 
resulting pH]IDU-Ol 2 -loaded NeoHDL was purified by- 
density gradient centrifugation and FPLC. 

Physicochemical Characterization of pHJiDU-Ok-Loaded 
NeoHDL The chemical composition of [-H]IDU-Ol2-loaded 
NeoHDL is given in Table 1. and is compared with the. 
composition of native apoE-depleted HDL. The formation 
of the prodrug-loaded panicles was very reproducible; only 
small variations were found in the compositions of different 
preparations. The particles contained a substantial amount 
of IDU-OI : : 7.3 ± 0.8% of the total weight (15.4 ± 1.6% 
of the lipid moiety). From the size, density, and composition 
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Figure 3: Analysis of the physical properties of pHjlDU-Ol-ioaded 125 l-NeoHDL bv eel chromatography (A), sie! electrophoresis (B), 
and density gradient centrifugation (C). (A) pH]IDU-01 2 -loaded n5 LNeoHDL (0.25 mg of protein^ was injected onto a Suoerose-6 column 
(60 x 1.8 cm), and the column was eluted with 0.1 M sodium phosphate buffer. pH 7.0 : containing 0.5 M NaCl and 10 rruM EDTA (flow 
rate 6 mUh). Fractions of 2.0 mL were collected and assayed for 3 H (©) and Ul \ (O).' The results are expressed as % of the recovered 
radioactivity (recoveries >96%). The elution volumes of LDL. HDL. and cytochrome c, which were used to calibrate the column, are 
indicated by arrows. (B) pHJJDU-Ol-r loaded i25 T-NcoHDL (0.025 mg of protein) was subjected to electrophoresis in a 0.75% (w/v) agarose 
gel at pH 8.S (75 mM Tris-hippuric acid buffer). The gel was cut in slices thai were assayed for 3 H (©) and I25 I (O). The radioactivity in 
each slice is given as^% of the recovered radioactivity (recoveries >97%). Arrows indicate the positions of LDL and HDL markers. "(C) 
[ 3 H]IDU-Gi 3 -ioaded i25 l-NeoHDL (0.25 mg of protein) was subjected to density gradient centrifucaiion (Redgrave et al.. 1975"*. The gradient 
(12.0 mL) was fractionated in fractions of 0.8 mL. The fractions were assayed for 3 H (©) and (O). and their densities (B) were measured. 
The results are expressed as % of the recovered radioactivity (recoveries >97%Y 



of the prodrug-loaded NeoHDL, it can be calculated that each 
panicle contains about 30 IDU-Oh molecules. The results 
further show a remarkable similarity with the composition 
of native HDL. 

The size of the prodrug-loaded particles was studied using 
photon correlation spectroscopy, and compared to that of 
native HDL. The mean sizes of f 3 H]IDU-Ob-loaded Neo- 
HDL and native apoE-depleted HDL were found to be 9.7 
± 0.6 and 9.4 ± 0.7 nm. respectively (means ± SEM of 3 
preparations). The physical properties of [ 3 H]IDU-Ol2- 
loaded NeoHDL were further studied by size exclusion 
chromatography, agarose gel electrophoresis, and density 
gradient centrifugation. For these studies, the apoproteins 
of the panicles were also labeled with i25 l. This allowed 
I he monitoring of both the incorporated 3 H-labeled prodrug 
and the I2 ~I-labeled apoproteins. Figure 3 A shows the elution 
profile of [*H]IDU-Oh-loaded I25 I-NeoHDL on a calibrated 
Superose-6 FPLC column. Both 125 J and :> H eluted at the 
same position as native HDL. This finding indicates that 
the size of pH][DU-01 r loaded NeoHDL is similar to that 
of native HDL : which corroborates the results of the analysis 
by photon correlation spectroscopy. Figure 3B shows the 
result of agarose electrophoresis of [ 3 H]lDU-OL-loaded 125 I- 
NeoHDL. Lipoproteins subjected to this type of electro- 
phoresis are separated mainly according to their electric 
charge. Both ' :5 I arid 3 H were recovered at the same position 
as the native HDL marker. The results of density gradient 
centrifugation of [ 3 H]IDU-OI 2 -loaded !25 I-NeoHDL are shown 
in Figure 3C. More than 90% of both 125 I and 3 H radioactiv- 
ity was recovered at a density between LOSS and 1.2 IS g/mL. 
which corresponds to the density of native HDL. Thus, our 
findings indicate that size, density, and charge of IDU-OL- 
loaded NeoHDL are very similar to those of native HDL. 
Moreover, because in all experiments l25 l and 3 H behaved 
similarly, the results further indicate that under the conditions 
employed the particles are stable. 

Stability of IDU-Oh-Loaded NeoHDL in Serum in 
Vitro. The stability of NeoHDL-associated IDU-Oi? in serum 



was tested by incubating prodrug-loaded NeoHDL in rat 
serum at 37 °C. After 2 h of incubation, the amounts of 
[ 2 H]IDU-OU. pHIVDLLOi;. and water-soluble pHJmetabo- 
lites were determined. Table 2 shows that during incubation 
the amount of ID U-OL decreased only slightly, with a 
concomittant small increase in the amount of water-soluble 
metabolites. 

Exchange of NeoHDL-associated IDU-Ob with other 
serum proteins was smdied by incubating the prodrug-loaded 
particle with human serum for 1 h at 37 °C. After incubation, 
the distribution of iDU-Ol- over serum proteins was deter- 
mined by density gradient centrifugation. Human serum was 
used in this experiment to be able to detect possible exchange 
with LDL (rat serum contains mainly HDL and very little 
LDL). Figure 4 shows that, although a high amount of LDL 
was present in the incubation mixture, hardly any exchange 
of the prodrug from NeoHDL to LDL had occurred. 

In Vivo Fate of ['H]fDU -Q\ 2 - Loaded NeoHDL; Effect of 
iMctosylation. To investigate the biological fate of the 
prodrug-loaded panicles, rats were injected with [ 3 H].IDU- 
OMoaded ,25 I-Neo'H.DL. The plasma clearance of both 
labels was monitored. Because of the major role of the liver 
in the metabolism of native HDL (Glass et al., 1985). we 
also measured the association of radioactivity with the liver. 
The results are shown in Figure 5 A. As judged by the 
behavior of the 125 1- labeled apoproteins, the particles were 
slowly cleared from the circulation, just as native I25 l-laheled 
HDL (Schouten et al M 1988). Only a small proportion of 
the !25 I became associated with the liver (5.2 db L0% of the 
dose at 10 min after injection). The 3 H-radtoactivity 
disappeared more rapidly from plasma, and it associated to 
a higher extent with the liver. 

For comparison. Figure 5B shows the fate of underivatized 
[ 3 H"JIDU after intravenous injection into rats. The labeled 
drug is very rapidly cleared from the circulation, and a 
relatively small amount was recovered in the liver. The 
remainder of the dose, as has been shown previously, was 
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Table 2: Stability of NcoKDL-Associated IDU-Ol: 
Phosphate- Buffered Saline and Rat Serum in Vitro 0 


in 






% of total radioactivity 


incubation 


IDU-01 2 


rou-oi, 


water-soluble 
metabolites 


control 
PBS. 2 h 
serum, 2 h 


97.9 ± 0.2 
97.3 ± 0.2 
95.7 ± 0.4 


2.1 ± 0.2 
1.8 i: 0.2 
0.8 ± 0.3 


0.0 i 0.0 
0.9 ± 0.3 
3.5 i 0,2 



- (-H}lDU-01 2 -loaded NeoHDL ( 10 of protein/rnL) was incubated 
with rat serum or phosphate -buffered saline (PBS) at 37 5 C. After 2 
h, the amounts of [ 3 H]IDU-01 : , [ 3 H]IDU-01i, and water-solubie 
( 3 H]metabotites were determined by extraction and thin layer cliroma- 
tography. Controls were extracted immediately after mixing prodrug- 
loaded NeoHDL with serum or PBS. The results are expressed as % 
of the total radioactivity and are means i SEM of 3 incubations. 




.5 10 
Fraction number 

Figure 4: Density gradient centrtfugation of pH.llDU-Olr loaded 
NeoHDL incubated with saline (A)" or serum (B). [ 3 H]IDU-Ot r 
loaded NeoHDL (0.05 ma of protein/mL) was incubated for 1 h at 
37 °C with phosphate- buffered saline (A) or human serum (B). 
Aiiquots of 2 mL of the incubation mixtures were subjected io 
density gradient centrifu cation (Redgrave et al., 1975). The gradients 
(1 2.0 mL) were fractionated in tractions of 0.S mL. The fractions 
were assayed for 3 H (©) and cholesterol (O; only B). and their 
densities (^) were measured. The results axe expressed as % of 
the recovered amounts of radioactivity and cholesterol ('recoveries 
>9S%). 

nonspecificaliv distributed over the total body (Biessen et 
al, 1994). 

We showed in previous studies that lactosylation of native 
HDL and NeoHDL, a procedure by which the particles are 
provided with terminal galactose residues, leads to very rapid 
uptake of the particles by galactose- specific receptors on 
parenchymal liver cells (Bijsterbosch & van BerkeJ. 1992: 
Schouten et al. 1994). To investigate whether a high liver 
uptake of the prodrug can be induced via this pathway, [ 3 H]- 
IDU-Oh-loaded l ~ s I-NeoHDL was lactosylated and injected 



into rats. Figure 6 shows that lactosylation of the prodrug- 
loaded panicle dramatically alters its biological fate. After 
injection of lactosylated [ 3 H]IDU-OI 2 -loaded l25 I-NeoHDL, 
both labels were equally rapidly cleared from the circulation. 
At 10 min after injection, only 1 1.5 ± 1.0% and 7.5 ± 2.1% 
of the injected 3 H- and 125 I-activity were left in plasma, 
respectively. At that time : the liver contained 74.9 ± 92% 
and 75.3 ± 6.6% of the injected amounts of 5 H and l25 h 
respectively. 

DISCUSSION 

To enable incorporation of IDU into NeoHDL, we 
synthesized a lipophilic prodrug of IDU. The approach to 
prepare a lipophilic prodrug from a water-soluble parent 
compound by the coupling of lipophilic residues was applied 
in a number of earlier studies (De Smidt & van Berkel, 1990; 
Firestone et al.. 1.984; Vicols et aL 1985). in these studies, 
lipophilic prodrugs of antineoplastic compounds like nitrogen 
mustard, doxorubicin, methotrexate, and fl ox uridine were 
incorporated in LDL, and it was found that the resulting 
prodrug-LDL complexes can be recognized by LDL recep- 
tors on cultured ceils. In the present study, IDU was 
derivatized with two oleoyl residues. Oleyl residues were 
chosen as lipophilic "anchor' as they are natural components 
of lipoproteins. The residues were attached via an ester 
linkage. As esterases are ubiquitous, this type of linkage 
ensures release of the original pharmacologically active drug 
at the site of deliver}' (Sinkula & YaJowski, 1975). In 
previous studies, a series of 5 '-mono esters of IDU were 
synthesized, and it was found that the iipophiliciry of the 
prodrug is. determined by the choice of side chain (Narurkar 
& Mitra. 1988; Ghosh & Mltra, 1991). In these earlier 
studies, relatively short aliphatic chains were used : which 
resulted in a moderate degree of Iipophiliciry (log P < 1.4). 
The oleoyl 3'.5'-dicsier prepared in the present study was 
much more, lipophilic (log P > 4.0). 

The lipophilic prodrug was incorporated into neoHDL by 
including it in the lipid mixture used to prepare the particles. 
This procedure resulted in the reproducible formation of 
panicles containing a substantial amount of IDU-Oi 2 - The 
prodrug accounted for 7.3 ± 0.8% of the total weight, which 
corresponds to approximately 15% of the lipid moiety. It 
was calculated that each particle contains about 30 prodrug 
molecules. Higher loads have not been tested, but may very 
well be possible. The composition further shows a remark- 
able similarity with that of native HDL. In the present study, 
the. particles were prepared from commercially available 
components and isolated apoproteins. In the future, recom- 
binant apoproteins may be used to prepare fully artificial 
particles. Various physical properties of pHJIDU-OMoaded 
NeoHDL were studied and compared with those of native 
HDL. To allow the simultaneous monitoring of both the 
incorporated prodrug and the apoproteins of the panicles, 
the apoproteins of the [ 3 H'Jprodrug- loaded NeoHDL were 
labeled with i25 L We demonstrate by two different methods 
that the size of pH]IDU-01 r loaded NeoHDL is very similar 
to that of native HDL. Photon correlation spectroscopy 
indicated sizes for the. prodrug-loaded particle and native 
HDL of 9.7 ± 0.6 and 9.4 ± 0.7 nm, respectively. 
Furthermore, [ 3 H]IDU-0l 2 -laadsd l25 I-NeoHDL eluted at the 
same position as native HDL on a Superose-6 FPLC column. 
The density and electrical charge of [ 5 H]IDU-01 2 -loadcd l25 I- 
NeoHDL were determined by density gradient centrifu gation 
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»uke 5: Plasma clearance and liver association of pH]IDU-Ol : -loaded !:5 I-NeoHDL (Ai and [ 3 H]1DU (Bj. Rats were iniravenouMv 
;ctea wuh i--H]IDO-01 2 -Ioaded i2S l-NeoHOL (A) or plijlDU (B). The animals received 5 he of IDU or an equivalcni amount of IDU- 



FlOUKE 5 

injected t ii jU /u-wi 2 -,unucu j-ih-uruu \*\) ur [ niiuu ^dj. ine ammais received 3 «g ot JUU or an equi 
01 2 per kg body weight. At the indicated limes, the amounts of radioactivity in plasma and liver were determined 
5 EM of 3 rats. 3 H in plasma; O. 5 H in liver: S8, 125 I in plasma; in liver. 



amount of [D Lv- 
alues are means ± 



100 




(0 



Time after injection (min) 

Figure 6: Plasma clearance and liver associaiion of lactosylaied 
[ 3 H]IDU-01 2 -Ioaded ,25 I-NeoHDL. Rats were intravenously injected 
with lactosyiated f 3 H1IDU-01 r loaded i - 5 I-NcoHDL at a dose 
equivalent to 5 ug of IDU per kg body weight. At the indicated 
times, the amounts of radioactivity in plasma and liver were 
determined. Values are means ± SEM of 3 rats. ©, 3 H in plasma; 
C, 3 H in liver; 89, = - 5 I in plasma; □. '-I in liver, 

and agarose gel electrophoresis, respectively. It was found 
that the prodrug- loaded panicles had the same characteristics 
as native HDL. As in all assays the prodrug and apoproteins 
of the particle behaved similarly, it can be concluded that 
under the conditions employed the panicles are stable. 

The stability of the the prodrug-Ioaded particle in serum 
was investigated by in vitro incubation studies. Upon 
incubation with rat serum, NcoHDL-associatcd LDU-01 2 was 
not rapidly metabolized. Furthermore, it was found that the 
prodrug does not rapidly exchange with other lipoproteins, 
such as LDL. during in vitro incubation with human serum. 

Derivatization of IDU and the subsequent incorporation 
of the prodnig into neoHDL drastically altered the biological 
fate of the drug. Underivatized IDU is rapidly cleared from 
the circulation after injection, and 10-15% of the injected 
amount was found in the liver. We showed earlier that the 
remainder is distributed nonspeciflcally over the total body. 
Major recovery sites were bulky tissues like muscles and 



skin (Biessen el al.. 1994). As judged by the behavior of 
the apoproteins, IDU-OL-loaded NeoHDL particles are only 
slowly cleared from the circulation, just like native HDL. 
Only a very small proportion became associated with the 
liver. As even a limited oxidative modification of lipopro- 
teins results in a substantial hepatic uptake of lipoprotein 
panicles (Van Berkei et al., 1991), this result indicates that 
no significant oxidative damage was provoked to the panicles 
during preparation. The labeled prodrug, however, disap- 
peared more rapidly from the circulation, and it associated 
to a higher extent with the liver. As mentioned above, 
NeoHDL-associated IDU-OL. during in vitro incubations in 
serum, is not rapidly bydrolyzed nor does it readily exchange 
with LDL. Apparently, NeoHDL-associated IDU-Ob vivo 
is subject to selective release from HDL. It has been reported 
for a number of tissues, including liver, that cholesterol esters 
from native HDL are selectively taken up without a parallel 
uptake, of the apoproteins (Glass et a].. 1985). The rate of 
selective cellular uptake of various cholesterol esters can be 
up to 40-fold higher than the uptake of apoproteins (Sattler 
& Stocker, 1993). The observed higher rate of plasma 
clearance and liver uptake of IDU-O.I2 from the circulation 
may thus, at least in pan, be explained by H DL- specific 
natural processing of the prodrug-Ioaded panicles. 

We showed, earlier, that if (neo)HDL is provided with 
terminal galactose residues by reductive lactosami nation, the 
resulting lactosyiated (Neo)HDL is recognized by galactose 
receptors on parenchymal liver cells (Bijsterbosch & van 
Berkei, 1992; Schouten et al., 1994). In the present study, 
we show that lactosyiated IDU-OL-loaded NeoHDL is very 
rapidly cleared from the circulation. Within 10 min after 
injection, approximately 90% of the apoproteins as well as 
the prodrug is cleared from the circulation. The cleared 
radioactivity is largely (>80%) recovered in the liver. The 
hepatic association of prodrug and apoproteins was very 
similar. This funding indicates that, in the case of lactosyiated 
IDU -OJ 2 - loaded NeoHDL, the particles are taken up as an 
entity. In preliminary' experiments it was found that prein- 
jection of asiaiofetuin substantially reduced the rate of plasma 
clearance and liver uptake of both the prodrug and the 
apoproteins of lactosyiated IDU-OlHoaded NeoHDL (data 
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not shown). As asialofetuin specifically inhibits uptake by 
the asialoglycoprotein receptor on parenchymal liver cells 
(Van Berkei et ak, 1987), this finding indicates that this 
receptor is mainly responsible for the hepatic uptake of 
Iactosylated JDU-Ob-loaded NeoHDL. The approach to use 
iactosylated NeoHDL as a carrier to target lipophilic prodrugs 
to the galactose receptor on parenchyma] liver cells affords 
a number of advantages over previously published carrier 
systems like (neo)glycoproteins and Iactosylated poly-L- 
iysine (Jansen et aL 1993; Biesscn et al., 1994). During 
transport in the circulation, the lipophilic prodrug is hidden 
in the lipid moiety (probably the apolar core), protected from 
the biological environment. Furthermore, as the lipophilic 
prodrugs are incorporated in the. lipid moiety, high drug loads 
are possible without interfering with the receptor- mediated 
recognition of the lactose residues thai are present on the 
surface of the apoproteins. 

In conclusion, our findings indicate that it is possible to 
convert a hydrophilic drug like IDU into a lipophilic prodrug 
that can be efficiently incorporated into a reconstituted HDL 
particle with similar physicochemical properties as native 
HDL. The prodrug- loaded panicles are in vitro stable in 
serum, their in vivo behavior resembles that of native HDL, 
and lactosylaiion induces selective uptake by parenchymal 
liver cells. The latter result is particularly interesting, as this 
approach may also be used to target other lipophilic 
derivatives of water-soluble drugs highly specifically to liver 
parenchymal cells. This may lead to a more effective therapy 
of infectious diseases like hepatitis B. 
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